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Foreword 


The first American edition of Reference Data for Radio Engineers was 
published by Federal Telephone and Radio Corporation in 1943. It was 
suggested by a 60-page brochure of that title issued in 1942 by Standard 
Telephones and Cables Limited, an English subsidiary of the International 
Telephone and Telegraph Corporation. 


Expanded American editions published in 1946 and 1949 were stimulated 
by the widespread acceptance of the book by practicing engineers and 
by universities, technical schools, and colleges, in many of which it has 
become an accepted text. This fourth edition is sponsored by the Inter- 
national Telephone and Telegraph Corporation in behalf of its research, 
engineering, and manufacturing companies throughout the world. 


Federal Telecommunication Laboratories Division of International Telephone 
and Telegraph Corporation has continued its major role of directing and 
approving the technical contents of all the editions published in the United 
States. 


While dominantly the cooperative efforts of engineers in the International 
System, some of the material was obtained from other sources. Acknowl- 
edgement is made of contributions to the third and fourth editions by J. G. 
Truxal of the Polytechnic Institute of Brooklyn; J. R. Ragazzini and L. A. 
Zadeh of Columbia University; C. L. Hogan and H. R. Mimno of Harvard 
University; P. T. Demos, E. J. Eppling, A. G. Hill, and L. D. Smullin of Massa- 
chusetts Institute of Technology, and by A. Abbot, M. S. Buyer, J. J. Caldwell, 
Jr., M. J. DiToro, S. F. Frankel, G. H. Gray, R. E. Houston, H. P. Iskenderian, 
R. W. Kosley, George Lewis, R. F. Lewis, E. S. Mclarn, S. Moskowitz, J. J. Nail, 
E. M. Ostlund, B. Parzen, Haraden Pratt, A. M. Stevens, and A. R. Vallarino. 


Special credit is due to W. L. McPherson, who compiled the original British 
editions, and to H. T. Kohlhaas and F. J. Mann, editors of the first two and 
the third American editions, respectively. The present members of the Inter- 
national System who contributed to the fourth edition are listed on the 
following page. 


Editorial Board 


A. G. Kandoian, chairman 


L. A. deRosa R. E. Gray W. Sichak 
G. A. Deschamps W. W. Macalpine “H. P. Westman 
M. Dishal R. McSweeny A. K. Wing, Jr. 


H. P. Westman, editor © J. E. Schlaikjer, assistant editor 
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Farnsworth Electronics Company 


A. Henderson H. Salinger 


Federal Telecommunication Laboratories 


R. T. Adams M. Dishal G. R. Leef 
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Wavelength-frequency conversion 


CHAPTER 1 | 


I Frequency data 


The graph given below permits conversion between frequency and wave- 
length; by use of multiplying factors such as those at the bottom of the page, 
this graph will cover any portion of the electromagnetic-wave spectrum. 


\ye = wavelength in feet 


32.8 40 


f = frequency in megacycles 


3 
10 


Am = wavelength in meters 


15 


for frequencies from 


0.03 — 0.3 megacycles 
0.3: = 3.0 megacycles 
3.0 - 30 megacycles 
30 —- 300 megacycles 
300 — 3,000 megacycles 


3,000 — 30,000 
30,000  —300,000 


megacycles 
megacycles 


50 60 


80 100 150 


20 «230 40 50 60 80 =—100 


| multiply f by 


1,000 
10,000 


| multiply \ by 


100 
10 
1.0 
0.1 
0.01 
0.001 
0.0001 
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Wavelength-frequency conversion 


CHAPTER 1 ] 


M@ Frequency data 


The graph given below permits conversion between frequency and wave- 
length; by use of multiplying factors such as those at the bottom of the page, 
this graph will cover any portion of the electromagnetic-wave spectrum. 


\yt = wavelength in feet 


32.8 40 


f = frequency in megacycles 


15 


50 60 


80 = 100 150 


20 «25 30 40 


= wavelength in meters 


for frequencies from 


0.03 - 0.3 megacycles 
03: .- 3.0 megacycles 
3.0 - 30 megacycles 
30 - 300 megacycles 
300 — 3,000 megacycles 


3,000 — 30,000 
30,000  -—300,000 


megacycles 
megacycles 


50 60 80 = 100 


| multiply fby — | multiply \ by 
0.01 100 
0.1 10 
1.0 1.0 
10 0.1 
100 0.01 
1,000 0.001 
10,000 0.0001 
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Wavelength-frequency conversion continued 
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Conversion formulas 


Propagation velocity c = 3 X 108 meters/second 


S00 COC rs 300 


Wavelength in meters Xn = ————_ = —_ 
fin kilocycles — f in megacycles 


984,000 984 


f in kilocycles fin megacycles 


Wavelength in feet Ay 


1 Angstrom unit A = 3.937 X 10-9 inch 
=< aa Oman meter 
= |x 10-4 micron 


| micron wp = 3.937 <X.10-° inch 
We ahOr meter 
1 XxX 404 Angstrom units 


Nomenclature of frequency bands 


In accordance with the Atlantic City Radio Convention of 1947, frequencies 
should be expressed in kilocycles/second at and below 30,000 kilocycles, 
and in megacycles/second above this frequency. The band designations as 
decided upon at Atlantic City and as later modified by Comite Consultatif 
International Radio Recommendation No. 142 in 1953 are as follows 


band frequency metric Atlantic City 

number range subdivision frequency subdivision 
4 oo 30 kc Myriametric waves VLF | Very-low frequency 
° 30- 300 ke Kilometric waves LF Low frequency 
6 300-3, 000 ike Hectometric waves MF | Medium frequency 
7 3,000— 30,000 kc Decametric waves HF High frequency 
8 30 300 mc Metric waves VHF Very-high frequency 
9 3003 0007me Decimetric waves UHF Ultra-high frequency 
10 3,000— 30,000 mc Centimetric waves Sr Super-high frequency 
11 30,000— 300,000 mc Millimetric waves EHF Extremely-high frequency 
12 300,000—3,000,000 mc Decimillimetric waves — — 


Note that band “'N’’ extends from 0.3 X 10” to 3 & 10% cy; thus band 4 
designates the frequency range 0.3 X 104 to 3 X 104 cy. The upper limit 
is included in each band; the lower limit is excluded. 


Description of bands by means of adjectives is arbitrary and the CCIR 
recommends that it be discontinued, e.g., “ultra-high frequency" should not 
be used to describe the range 300 to 3000 mc. 
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Nomenclature of frequency bands continued 
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Letter designations for frequency bands: Letters such as X have been 
employed in the past to indicate certain bands. These terms were originally 
used for military secrecy, but they were later mentioned in general technical 
literature. Those most often used are shown in Fig. 4 of the chapter ‘Radar 
fundamentals.” 


The letter designations have no official standing and the limits of the band 
associated with each letter are not accurately defined. 


Frequency allocations by international treaty 


For purposes of frequency allocations, the world has been divided into 
regions as shown in the figure. 
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Regions defined in table of frequency allocations. Shaded area is the tropical zones 


The following table of frequency allocations pertains to the western 
hemisphere (region 2). This allocation was adopted by the International 
Telecommunications Conference at Atlantic City in 1947 and was confirmed 
by the similar conference in Buenos Aires in 1952. 


An asterisk (*) following a service designation indicates that the allocation 
has been made on a world-wide basis. All explanatory notes covering 
region 2 as well as other regions have been omitted. For these explanatory 
notes consult the texts of the Atlantic City and Buenos Aires Conventions 
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Frequency allocations by international treaty 
(SES ASNT 


continued 


which may be purchased from the Secretary General, International Tele- 
communications Union, Palais Wilson, Geneva, Switzerland. 


Frequency assignments in the U.S.A. below 25 mc are in general accord 
with the following table. Above 25 mc, the U.S.A. assignments comply with 
the table, but the various bands have been subdivided among many services 
as shown in the listings on pages 12 to 15. 


Assignments of frequencies in each country are subject to many special 
conditions. For the U.S.A. consult the Rules and Regulations of the Federal 
Communications Commission, which may be purchased from the Superin- 
tendent of Documents, Government Printing Office, Washington 25, D.C 


kilocycles 


10-—-*14 
14-70 
70-4 90 
9g 110 


160 
200 
285 


325 
405 


415 


415- 
490— 510 
§10— 535 
535-— 1605 
1605— 1800 


490 


1800— 2000 


‘2000— 2065 
2065— 2105 
2105— 2300 
2300-— 2495 
2495— 2505 
2505— 2850 
2850— 3155 
3155— 3200 


service 


Radio navigation* 

Fixed,* Maritime mobile* 
Fixed, Maritime mobile 
Fixed,* Maritime mobile,* Ra- 
dio navigation* 

Fixed, Maritime mobile 

Fixed 

Aeronautical mobile, Aero- 
nautical navigation 
Maritime navigation 
beacons) 
Aeronautical mobile,* Aero- 
nautical navigation* 
Aeronautical mobile, Aero- 
nautical navigation, Maritime 
navigation (radio direction 
finding) 

Maritime mobile* 

Mobile (distress and calling) * 
Mobile 

Broadcasting* 
Aeronautical navigation, 
Fixed, Mobile 

Amateur, Fixed, Mobile ex- 
cept aeronautical, Radio nav- 
igation 

Fixed, Mobile 

Maritime mobile 

Fixed, Mobile 

Broadcasting, Fixed, Mobile 
Standard frequency 

Fixed, Mobile 

Aeronautical mobile* 

Fixed,* Mobile except aero- 
nautical mobile* 


(radio 


kilocycles 


3200— 3400 


3400— 3500 
3500-— 4000 


4000— 4063 
4063-— 4438 
4438-— 4650 


4650— 4750 
4750— 4850 
4850— 4995 


4995— 5005 
5005— 5060 
5060— 5250 
5250— 5450 
5450— 5480 
5480-— 5730 
5730— 5950 
5950— 6200 
6200— 6525 
6525— 6765 
6765— 7000 
7000— 7100 
7100— 7300 
7300— 8195 
8195— 8815 
8815— 9040 
9040— 9500 
9500— 9775 
9775-9295 
9995-10005 


service 


Broadcasting,* Fixed,* Mo- 
bile except aeronautical mo- 
bile* 

Aeronautical mobile* 
Amateur, Fixed, Mobile ex- 
cept aeronautical 

Fixed* 

Maritime mobile* 

Fixed, Mobile except aero- 
nautical 

Aeronautical mobile* 
Broadcasting, Fixed 
Broadcasting,* Fixed,* land 
mobile* 

Standard frequency* 
Broadcasting,* Fixed* 

Fixed* 

Fixed, Land mobile 
Aeronautical mobile 
Aeronautical mobile* 

Fixed* 

Broadcasting* 

Maritime mobile* 
Aeronautical mobile* 

Fixed* 

Amateur* 

Amateur 

Fixed* 

Maritime mobile* 
Aeronautical mobile* 

Fixed* 

Broadcasting* 

Fixed* 


Standard frequency” 


Frequency allocations by international treaty 


kilocycles 


10005-10100 
10100-11175 
11175-11400 
11400-11700 
11700-11975 
11975-12330 
12330-13200 
13200-13360 
13360-14000 
14000-14350 
14350-14990 
14990-15010 
15010-15100 
15100-15450 
15450-16460 
16460-17360 
17360-17700 
17700-17900 
17900-18030 
18030-19990 
19990-20010 
20010-21000 
21000-21450 
21450-21750 
21750-21850 
21850-22000 


22000-22720 
22720-23200 
23200-23350 


23350-24990 
24990-25010 
25010-25600 


25600-26100 
26100-27500 


27500-28000 
28000-29700 


megacycles 


29.7— 44 
44 - 50 
50 — 54 
Ba 72 
TZ 76 
76 — 88 


‘Broadcasting, 


service 


Aeronautical mobile* 
Fixed* 

Aeronautical mobile* 
Fixed* 
Broadcasting* 
Fixed* 

Maritime mobile* 
Aeronautical mobile* 
Fixed* 

Amateur* 

Fixed* 

Standard frequency* 
Aeronautical mobile* 
Broadcasting* 

Fixed* 

Maritime mobile* 
Fixed* 

Broadcasting* 
Aeronautical mobile* 
Fixed* 

Standard frequency* 
Fixed* 

Amateur* 
Broadcasting* 
Fixed* 

Aeronautical fixed, 
nautical mobile* 
Maritime mobile* 
Fixed* 

Aeronautical fixed,* 
nautical mobile* 
Fixed,* Land mobile* 
Standard frequency* 


Aero- 


Aero- 


Fixed,* Mobile except aero- 


nautical* 
Broadcasting* 


Fixed,* Mobile except aero- 


nautical* 
Fixed, Mobile 
Amateur* 


service 


Fixed, Mobile 


Amateur 
Broadcasting, 
Fixed, Mobile 


Broadcasting, 
bile 


Fixed, 


Fixed, Mobile 


Fixed, Mobile 


Mo.- 


megacycles 
88 — 100 
100 — 108 
108 — 118 
118 —. 132 
132 -— 144 
144 -— 146 
146 — 148 
148 — 174 
174 -— 216 
216 — 220 
220 - 225 
225: =» 235 
235 — 328.6 
328.6- 335.4 
335.4— 420 
420 — 450 
450 — 460 
460 — 470 
470 — 585 
585 — 610 
610 — 940 
940 — 960 
960 — 1215 
1215 — 1300 
1300 — 1660 
1660 — 1700 
1700 — 2300 
2300 — 2450 
2450 — 2700 
2700 — 2900 
2900 — 3300 
3300 — 3500 
3500 — 3900 
3900 — 4200 
4200 — 4400 
4400 — 5000 
§000 — 5250 
§250 — 5650 
5650 — 5850 
5850 — 5925 
5925 — 8500 
8500 — 9800 
9800 -—10000 


10000 —10500 
Above 10500 


FREQUENCY DATA | | 


continued 


service 


Broadcasting* 
Broadcasting 
Aeronautical navigation* 
Aeronautical mobile* 
Fixed, Mobile 
Amateur* 
Amateur 
Fixed, Mobile 
Broadcasting, 
bile 

Fixed, Mobile 
Amateur 
Fixed, Mobile 
Fixed,* Mobile* 
Aeronautical navigation* 
Fixed,* Mobile* 
Aeronautical navigation,* 
Amateur* 

Aeronautical navigation, 
Fixed, Mobile 

Fixed,* Mobile* 
Broadcasting* 
Broadcasting 
Broadcasting* 

Fixed 

Aeronautical navigation* 
Amateur* 


Fixed, Mo- 


Aeronautical navigation 
Meteorological aids (radio- 
sonde) 

Fixed,* Mobile* 
Amateur* 

Fixed,* Mobile* 
Aeronautical navigation* 
Radio navigation* 
Amateur 

Fixed, Mobile 

Fixed,* Mobile* 
Aeronautical navigation* 
Fixed,* Mobile* 
Aeronautical navigation* 
Radio navigation* 
Amateur™ 

Amateur 

Fixed,* Mobile™ 

Radio navigation* 
Fixed,* Radio navigation* 
Amateur* 

Not allocated by Atlantic 
City Convention 
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Frequency allocations above 25 mc in U.S.A. 


The following listings show the frequency bands above 25 mc allocated to 
various services in the U.S.A. as of 21 November 1956.* Note that many of 
these bands are shared by more than one service. 


Government nee. ee) 


Armed forces and other departments of the national government. | 


2A.99 — 25.0) 


34.00 — -35.00 162.00 — 174.00 4400 -— 5000 
20.50 — 20.00 436.00,— 37.00 216.00 — 220.00 7125:— 8500 
26.48 — 26.95 38.00 — 39.00 225.00 — 328.60 9800 — 10000 
27.54 — 28.00 40.00.— 42.00. 335.40 — 400.00 13225 — 16000 
"29.89 — 29.91 _ 132.00 — 144.00 ~ 406.00 — 420.00 18000 — 21000 
30.00 — 30.56. 148.00 — 152.00 1700 -—1850 22000 — 26000 
32:00 — 33:60 157205 =" 157.25 2200 —2300 above 30000 
Public safety . 
Police,' fre, forestry highway, and emergency services. 
2h28 2s Ao 42.00 = 42.96 : 453 — 454 3500 => 3700 
30.84 — 32.00 44.60 — 47.68 458 — 459 6425 — 6875 
33.00 533.12 72.00 — 76.00 890: — 940 10550 — 10700 
33.40 — 34.00 153.74 — 154.46 | pepe 2 eG) 11700 — 12700 
37.00 — 37.44 154.61-- 157.50: 1350)5-21990 1.3200 siz 
37.88 — 38.00 . 158.70.= 162.00. 2110 —" 2200 16000 — 18000 
39.00 — 40.00 166.00 — 172.40. 2450 — 2700 26000 — 30000 
Industrial ‘é 


Power, petroleum, pipe line, forest products, ‘motion picture, press relay, 
builders, ranchers, factories, etc. 


25.01) + 25.33 ‘42.96 — 43.20° WARS = 17/200 PANO) = — PAWS: 
21255 ‘47.68 — 50.00 173.20 ~— 173.40 2450 — - 2700 
27.28 — 27.54 72.00 — 76.00 406.00 — 406.40 3500 — 3700 
PRT) = Peso) 152.84 — 153.74 412.40 — 412.80 6425 '— 6875 
30.56 — 30.84 154.46 — 154.61 451.00 — 452.00 10550 — 10700 
33.12.— 33.40 158.10 — 158.46 456.00 — 457.00 11700 — 12700 
35.00 — 35.20 169.40 — 169.60 890 — 940 13200 — 13225 
35.72 — 35.96 170.20 — 170.40 . 952 — 960 16000 — 18000 
37.44 — 37.88 171.00 — 171.20 3850 auh290 26000 — 30000 

Land transportation - 

Taxicabs, railroads, buses, trucks. 
27.255 152.24 — 152.48 - 952 — 960 6425 ~: 6875 
30.64 — 31.16 157.45 — 157.74 1850 — 1990 10550 — 10700 
35.68 — 35.72 159.48 — 161.85 2110 — 2200 11700 — 12700 
35.96 — 36.00 452 — 453 | '2450 — 2700 13200 — 13225 
43.68 — 44.60 457 — 458 3500 — 3700 16000 — 18000 
72.00 — 76.00 S200 = 940 26000 — 30000 


* These allocations are revised at frequent Eta ereeine information can be obtained 


from the Frequency Allocation and Treaty Division of the Federal Communications Commission; 
Washington 25, D. C. 
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Frequency allocations above 25 mc in U.S.A. continued | 


Domestic public | ee 


Message or paging services to persons and to individual stations, primarily 
mobile. 


35.20 — 35.68 157.74 — 158.10 2450 — 2500 11700 — 12200 


43.20 — 43.68 158.46 — 158.70 3500 — 3700 13200 = 13225 
152.00 — 152.24 454 — 455 6425 — 6578 16000 — 18000 
152.48 — 152.84 459 = 


460 10550 —10700 26000 — 30000 


Citizens radio 


Personal radio services. 


27.255 
460 — 470 
Common carrier fixed 


Point-to-point telephone, telegraph, and program transmission for public 
use. | 


26.955 *76.00 — 88.00 2450 — 2500 10700 — 11700 
oe, 29.89 +88 — 100 3700 — 4200 13200 — 13225 
ae — 30.00 198 ~ —"108 5925 — 6425 16000 — 18000 
72.00 — 76.00 716 — 940 10550 —10700 26000 — 30000 


* Territories of Alaska and Hawaii only. 
+ Territory of Alaska only. 
t Territory of Hawaii only. 


International control 


Links between stations used for international communication and. their 
associated control centers. 


952 — 960 2100 — 2200 6575 — 6875 i Canteen 
1850 — 1990 2500 — 2700 12200 — 12700 


Television broadcasting 


54 -— 72 76> 85 174 — 216 470 — 890 


Frequency-modulation broadcasting cet ue 


88 — 108 


Television pickup, links, and intercity relay . mat 


Studio-to-transmitter links, etc. eicy gabanant on 


890 — 940 (Sound only) ——-'1990. — 2110 6875 — 7125 12700 — 13200 
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Frequency allocations above 25 mc in U.S.A. continued 


FM and standard broadcasting links and intercity relay 


Studio-to-transmitter links, etc. 


C70) = 952 


Standard broadcasting remote pickup 


25.85 — 26.48 166.0 — 170.2 455 — 456 
152.84 — 153.38 450.0 — 451.0 


Aeronautical fixed 


29.80 — 29.89 2500 — 2700 12200 — 12700 
29.91 — 30.00 65/5: = +6875 13200 — 13225 
7200 = 76.00 10550 — 10700 16000 — 18000 
2450 — 2500 26000 — 30000 


Aeronautical, air-to-ground 


108 = 4132 6425 — 6575 13200 — 13225 
2450 — 2500 10550 — 10700 16000 — 18000 
3500 — 3700 11700 — 12200 26000 — 30000 


Flight-test telemetering 
217.4 — 217.7 219.3 — 219.6 


Aeronautical radio navigation 


Instrument landing systems, ground control of approach, very-high-frequency 
omnidirectional range, tacan, etc. 


75.0 960 — 1215 2700 — 3300 5000 — 5650 
108.0 — 118.0 1300 — 1660 4200 — 4400 j 8500 — 9800 
328.6 — 335.4 


Radio navigation and radio location 


Civilian radar, racon, etc. 


2900 — 3300 5250 — 5650 8500 — 9800 


Meteorological aids 


Radiosondes, etc. 


400 — 406 1660 — 1700 2700 — 2900 
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Frequency allocations above 25 mc in U.S.A. continued 


Maritime 


Communication between ships and/or coastal stations. 


27.255 43.0 — 43,2 *72.0 — 76.0 156.25 — 157.45 
35.04 — 35.20 161.85 — 162.00 
* For point-to-point use only. 
Amateur 
26.96 — 27.23 220 225 2300 — 2450 10000 — 10500 
20.00 — 29.70 420 — 450 3300 — 3500 21000 — 22000 
50.00 — 54.00 1215 — 1300 5650 — 5925 Above 30000 
144.00 — 184.00 
Industrial, scientific, and medical equipment 
27.12 915 5850 18000 
40.68 2450 
International call-sign prefixes 
AAA-ALZ United States of America ETA-ETZ Ethiopia 
AMA-AOQZ | Spain EUA-EZZ Union of Soviet Socialist 
APA-ASZ Pakistan Republics 
ATA-AWZ _ India FAA—FZZ France and Colonies and 
AXA-—AXZ Commonwealth of Australia Protectorates 
AYA-AZZ Republic of Argentina GAA-GZZ_ Great Britain 
BAA—BZZ China HAA-HAZ — Hungary 
CAA-CEZ Chile HBA-HBZ = Switzerland 
CFA-CKZ Canada HCA-HDZ Ecuador 
CLA-CMZ Cuba HEA—HEZ Switzerland 
CNA-CNZ Morocco HFA—HFZ Poland 
COA-COZ Cuba HGA-HGZ_ Hungary 
CPA—CPZ Bolivia HHA—HHZ_ Republic of Haiti 
CQA-CRZ Portuguese Colonies HIA—HIZ Dominican Republic 
CSA-CUZ Portugal HJA—HKZ Republic of Colombia 
CVA-CXZ Uruguay HLA-—HMZ Korea 
CYA-CZZ Canada HNA-HNZ_ Iraq 
DAA-DMZ Germany HOA-HPZ Republic of Panama 
DNA-DQZ_ Belgian Congo — Ruanda-Urundi | HQA-HRZ _ Republic of Honduras 
DRA-—DTZ Byelorussian Soviet Socialist HSA-HSZ Siam 
Republic HTA-HTZ Nicaragua 
DUA-DZZ Republic of the Philippines HUA—HUZ Republic of El Salvador 
EAA—EHZ Spain HVA-HVZ Vatican City State 
EIA—EJZ Ireland HWA-HYZ_ France and Colonies and 
EKA-EKZ Union of Soviet Socialist Protectorates 
Republics HZA-HZZ_ Kingdom of Saudi Arabia 
ELA—ELZ Republic of Liberia IAA-IZZ Italy and Colonies 
EMA-EOZ Union of Soviet Socialist JAA—JSZ Japan 
Republics JTA-JVZ Mongolian People’s Republic 
EPA-EQZ Iran JWA-JXZ Norway 
ERA—ERZ Union of Soviet Socialist JYA-JYZ Hashimite Kingdom of Jordan 
Republics JZA-JZZ Netherlands New Guinea 
ESA-ESZ Estonia KAA-KZZ United States of America 
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International call-sign prefixes 


LAA-LNZ 
LOA-LWZ 
LXA-LXZ 
UXA-LYZ 
LZA-lZZ 
MAA-—MZZ 
NAA-NZZ 
OAA-—OCZ 
ODA-ODZ 
OEA—OEZ 
OFA-OJZ 
OKA-—OMZ 
ONA-OTZ 
OUA-OZZ 
PAA-PIZ 
PJA—PJZ 
PKA—POZ 
PRASEYZ 
EZ LZ. 
QAA-QZZ 
RAA—RZZ 


SAA-SMZ 
SNA—SRZ 
SSA-SUZ 
SVAS SLL 
TAA-TCZ 
TDA-TDZ 
PEAR VEZ 
TFA—TEZ 
TGA-TGZ 
THA-THZ 


TIA-TIZ 
TJA-TZZ 


UAA-UQZ 
URA-UTZ 
UUA—-UZZ 


VAA-VGZ 
VHA-VNZ 
VOA-VOZ 
VPA-VSZ 


VTA-VWZ 
VXA-VYZ 
VZA-VZZ 
WAA-WZZ 
XAA-XIZ 
XJA—XOZ 
XPA—XPZ 
XQA-—XRZ 
XSA-XSZ 
XTA=XTZ 


XUA-XUZ 


Norway 

Argentine Republic 

Luxembourg 

Lithuania 

Bulgaria 

Great Britain 

United States of America 

Peru 

Republic of Lebanon 

Austria 

Finland 

Czechoslovakia 

Belgium and Colonies 

Denmark 

Netherlands 

Netherlands Antilles 

Republic of Indonesia 

Brazil 

Surinam 

(Service abbreviations) 

Union of Soviet Socialist 
Republics 

Sweden 

Poland 

Egypt 

Greece 

Turkey 

Guatemala 

Costa Rica 

Iceland 

Guatemala 

France and Colonies and 
Protectorates 

Costa Rica 

France and Colonies and 
Protectorates 

Union of Soviet Socialist 
Republics 

Ukranian Soviet Socialist 
Republic 

Union of Soviet Socialist 
Republics 

Canada 

Commonwealth of Australia 

Canada 

British Colonies and 
Protectorates 

India 

Canada 

Commonwealth of Australia 

United States of America 

Mexico 

Canada 

Denmark 

Chile 

China 

France and Colonies and 
Protectorates 

Cambodia 


continued 


XVA-XVZ 
XWA-XWZ 
XXA—XXZ 
XYA-XZZ 
YAA-YAZ 
YBA—YHZ 
YIA—YIZ 
YJIA—VIZ 
YKA-YKZ 
YUA=VIZ 
YMA-YMZ 
YNA-YNZ 
YOA-YRZ 
YSA=YSZ 
YGA=7 UZ 
YVA-YYZ 
YZA=YZZ 
ZAA-ZAZ 
ZBA-—ZJZ 


ZKA—ZMZ 
ZNA-ZOZ 


ZPAS=ZPZ 
ZQA-ZQZ 


ZRA—ZUZ 
ZVA-ZZZ 
2AA—2ZZ 
3AA-—3AZ 
3BA—3FZ 
3GA-3GZ 
SHA—3UZ 
3VA-3VZ 
3WA-3WZ 
SYA=3YZ 
3ZA—3ZZ 
4AA-4CZ 
4DA-41Z 
4JA—4LZ 


4AMA—4MZ 
ANA-40Z 
4PA—4SZ 
4TA-4TZ 
4UA—4UZ 
4VA-4VZ 
AWA-4WZ 
4AXA—4XZ 
4YA-4YZ 


SAA-5SAZ 
5CA—-5CZ 
6AA—6ZZ 
7AA-7ZZ 
8AA-8ZZ 
9AA-9AZ 
9NA-INZ 
PoA-FSz 


Viet-Nam 

Laos 

Portuguese Colonies 

Burma 

Afghanistan 

Indonesia 

lraq 

New Hebrides 

Syria 

Latvia 

Turkey 

Nicaragua 

Roumania ; 

Republic of El Salvador 

Yugoslavia 

Venezuela 

Yugoslavia 

Albania 

British Colonies and 
Protectorates 

New Zealand 

British Colonies and 
Protectorates 

Paraguay 

British Colonies and 
Protectorates 

Union of South Africa 

Brazil 

Great Britain 

Principality of Monaco 

Canada 

Chile 

China 

Tunisia 

Viet-Nam 

Norway 

Poland 

Mexico 

Republic of the Philippines 

Union of Soviet Socialist 
Republics 

Venezuela 

Yugoslavia 

Ceylon 

Peru 

United Nations 

Republic of Haiti 

Yemen 

Israel 

International Civil Aviation 
Organization 

Libya 

Morocco 

(Not allocated) 

(Not allocated) 

(Not allocated) 

San Marino 

Nepal 

Saar 
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Frequency tolerances Atlantic City, 1947 
A CEE RE SES STE OPEN Tel 


frequency band | type of service and power | tolerance in percent 


10-535 ke Fixed stations 
10—50 ke 0.1 
50 kc—end of band 0.02 
Land stations | 
Coast stations 
Power > 200 watts 0.02 
Power < 200 watts 0.05 
Aeronautical stations 0.02 
Mobile stations 
Ship stations 0.1 
Aircraft stations 0.05 
Emergency (reserve) ship transmitters, and 
lifeboat, lifecraft, 
transmitters 0.5 
Radionavigation stations 0.02 
Broadcasting stations 20 cycles 
535-1605 ke Broadcasting stations 20 cycles 
1605-4000 ke Fixed stations 
Power > 200 watts 0.005 
Power < 200 watts 0.01 
Land stations 
Coast stations 
Power > 200 watts 0.005 
Power < 200 watts 0.01 
Aeronautical stations 
Power > 200 watts 0.005 
Power < 200 watts 0.01 
Base stations 
Power > 200 watts 0.005 
Power < 200 watts 0.01 
Mobile stations 
Ship stations 0.02 
Aircraft stations 0.02 
Land mobile stations 0.02 
Radionavigation stations 
Power > 200 watts 0.005 
Power < 200 watts 0.01 
| Broadcasting stations 0.005 


l 6 CHAPTER 1 


Frequency tolerances continued 
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frequency band | type of service and power | tolerance in percent 
4000—30,000 ke Fixed stations 
Power > 500 watts 0.003 
Power < 500 watts 0.01 
Land stations 
Coast stations 0.005 
Aeronautical stations 
Power > 500 watts | 0.005 
Power < 500 watts | 0.01 
Base stations | 
Power > 500 watts | 0.005 
Power < 500 watts 0.01 
Mobile stations 
Ship stations 0.02 
Aircraft stations 0.02 
Land mobile stations 0.02 
Transmitters in lifeboats, lifecraft, and sur- 
vival craft 0.02 
Broadcasting stations 0.003 
30-100 me Fixed stations 0.02 
Land stations 0.02 
Mobile stations 0.02 
Radionavigation stations . 0.02 
Broadcasting stations 0.003 
100-500 me Fixed stations | 0.01 
Land stations | 0.01 
Mobile stations 0.01 
Radionavigation stations | 0.02 
Broadcasting stations | 0.003 
§00—10,500 mc —_—_———_ | 0.75 


Note: Requirements in the U.S.A. with respect to frequency tolerances are in all cases at 
least as restrictive (and for some services more restrictive) than the tolerances specified by 
the Atlantic City Convention. For details consult the Rules and Regulations of the Federal 
Communications Commission. 


Intensity of harmonics = Atlantic City, 1947 


In the band 10-30,000 kilocycles, the power of a harmonic or a parasitic 
-emission supplied to the antenna must be at least 40 decibels below the 
power of the fundamental. In no case shall it exceed 200 milliwatts (mean 


power). For mobile stations, endeavor will be made, as far as it is practicable, 
to reach the above figures. 
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Designation of emissions 


Emissions are designated according to their classification and the width of 
the frequency band occupied by them. Classification is according to type of 
modulation, type of transmission, and supplementary characteristics. 


type of supplementary 
modulation type of transmission characteristics modulation; ____sitype of transmission | characteristics | symbol 
Amplitude Absence of any modulation Ss AO 
modulation 
Telegraphy without the use of modulating 
audio frequency (on-off keying) —. Al 
Telegraphy by the keying of a modulating 
audio frequency or audio frequencies, or by 
the keying of the modulated emission (Spe- 
cial case: An unkeyed modulated emission.) coneamaiacns A2 
Telephony Double sideband, full 
carrier A3 
Single sideband, re- 
duced carrier A3a 
Two independent 
sidebands, reduced 
carrier A3b 
Facsimile —_—_ A4 
Television a A5 
Composite transmissions and cases not cov- 
ered by the above Stee AY 
Composite transmissions Reduced carrier A9c 
Frequency Absence of any modulation oe FO 
(or phase) 
modulation Telegraphy without the use of modulating 
audio frequency (frequency-shift keying) = a SaaS Fl 
Telegraphy by the keying of a modulating 
audio frequency or audio frequencies, or by 
the keying of the modulated emission (Spe- 
cial case: An unkeyed emission modulated by 
audio frequency.) ee TF F2 
Telephony —_—_— F3 
Facsimile a F4 
Television —— F5 
Composite transmissions and cases not cov- 
ered by the above ———e F9 
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Designation of emissions continued 
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type of . id supplementary | 
modulation type of transmission . characteristics | symbol 
Pulse Absence of any modulation intended to carry 
modulation information —_——— PO 


Telegraphy without the use of modulating 
audio frequency ) —__ Pl 


Telegraphy by the keying of a modulating | Audio frequency or 

audio frequency or audio frequencies, or by | audio frequencies 

the keying of the modulated pulse (Special | modulating the pulse 

case: An unkeyed modulated pulse.) in amplitude P2d 


Audio frequency or 

audio frequencies 
modulating the width 

of the pulse P2e 


| Audio frequency or 
audio frequencies 
modulating the phase 
lor position) of the 


pulse P2f 
Telephony Amplitude modulated P3d 
Width modulated P3e 
Phase lor position) 
modulated P3f 
Composite transmission and cases not cov- 
ered by the above P9 


Note: As an exception to the above principles, damped waves are designated by B. 


Wherever the full designation of an emission is necessary, the symbol for 
that class of emission, as given above, is prefixed by a number indicating 
the necessary bandwidth in kilocycles occupied by it. Bandwidths of 10 
kilocycles or less shall be expressed to a maximum of two significant figures 
after the decimal. 


The necessary bandwidth is that required in the over-all system, including 
both the transmitter and the receiver, for the proper reproduction at the 
receiver of the desired information and does not necessarily indicate the 
interfering characteristics of an emission. 


The following tables erecent some examples of the designation of emissions 
asa guide to the principles involved. 
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Designation of emissions continued 
TEDL ET BEL SRST GE OGY 


description | | designation 


Telegraphy 25 words/minute, international Morse. code, carrier 
modulated by keying only 0.1Al 


Telegraphy, 525-cycle tone, 25 words/minute, international Morse . 
code, carrier and tone keyed or tone keyed only 1.15A2 


Amplitude-modulated telephony, 3000-cycle maximum modulation, 
double sideband, full carrier 6A3 


Amplitude-modulated telephony, 3000-cycle maximum modulation, 
single sideband, reduced carrier 3A3a 
— 


Amplitude-modulated telephony, 3000-cycle maximum modulation, 
two independent sidebands, reduced carrier 6A3b 


Vestigial-sideband television (one sideband partially suppressed), full . 
carrier (including a frequency-modulated sound channel) 6000A5, F3 


Frequency-modulated telephony, 3000-cycle modulation frequency, 


20,000-cycle deviation 46F3 
Frequency-modulated telephony, 15,000-cycle modulation frequency, 

75,000-cycle deviation 180F3 
One-microsecond pulses, unmodulated, assuming a value of K = 5 10000P0 


Determination of bandwidth Atlantic City, 1947 


For the determination of the necessary bandwidth, the following table may 
be considered as a guide. In the formulation of the table, the. lollowlha 
working terms have been employed: 


B = telegraph speed in bauds (see pp. 541 and 846) 


N/T = maximum possible number of black+white elements to be trans- 
mitted per second, in facsimile and television 


M = maximum modulation frequency expressed in cycles/second 


D = half the difference between the maximum and minimum values of the 
instantaneous frequencies; D being greater than 2M, greater than 
N/T, or greater than B, as the case may be. Instantaneous J advan? 
is the rate of change of phase 


t = pulse length expressed in seconds 


K = over-all numerical factor that differs according to the emission and 
depends upon the allowable signal distortion and, in television, the 
time lost from the inclusion of a synchronizing signal 
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Determination of bandwidth continued 


Amplitude modulation | 
examples 


description 

and class | necessary bandwidth in designation 
of emission cycles/second details of emission 
Continuous- | Bandwidth = BK Morse code at 25 words/minute, 
wave B = 20; 
telegraphy where 

Al K = 5 for fading circuits bandwidth = 100 cycles 0.1A1 

= 3 for nonfading circuits } AAA AA A @ A A | —___—____ 


Four-channel multiplex with 7- 
unit code, 60 words/minute/chan- 
nel, B = 170, K = 5; 


bandwidth = 850 cycles 0.85A1 
Telegraphy Bandwidth = BK + 2M Morse code at 25 words/minute, 
modulated 1000-cycle tone, B = 20; 
at audio where 
frequency K = 5 for fading circuits bandwidth = 2100 cycles 2.1A2 
A2 = 3 for nonfading circuits i 
Commercial | Bandwidth = M for single | For ordinary single-sideband 
telephony sideband telephony, 
A3 = 2M for dou- 
ble sideband | M = 3000 3A3a 
For high-quality single-sideband 
telephony, 
M = 4000 4A3a 
Broadcasting | Bandwidth = 2M M is between 4000 and 10,000 de- 
A3 pending upon the quality desired | 8A3 to 20A3 


Facsimile, } KN Total number of picture elements 
carrier mod. | Bandwidth = —~ - 2M (black-++white) transmitted per sec- 
ulated by ond = circumference of cylinder 
tone and by | where (height of picture) XX lines/unit 
keying K=1.5 length X speed of cylinder rota- 

A4 tion (revolutions/second). If diam- 


eter of cylinder = 70 millimeters, 
lines/millimeter = 3.77, speed of 
rotation = 1/second, frequency 
of modulation = 1800 cycles; 


bandwidth = 3600 + 1242 


= 4842 cycles 4.84A4 
Television Bandwidth = KN/T Total picture elements (black-+- 
A5 white) transmitted per second = 
where number lines forming each image 


K = 1.5 (This allows for | X elements/line X pictures trans- 
synchronization and | mitted/second. If lines = 500, ele- 
filter shaping.) ments/line = 500, pictures/second 

Note: This band can be re- | = 25; 

duced when asymmetrical 

transmission is employed bandwidth + 9 megacycles 9000A5 


Determination of bandwidth 


EAE IRL SARE PRET RT ESTE PLIST 0 LAIBLE ENE EE AERIS 


Frequency 


description 
and class 
of emission 


Frequency- 

shift 

telegraphy* 
Fl 


Commercial 
telephony 
and _ broad- 
casting 

F3 


Facsimile 
F4 


Unmodulated 
pulse 
PO 


Modulated 
pulse 
b2Ior PS 


modulation 


necessary bandwidth in 
cycles/second 


Bandwidth = BK + 2D 


where 
K = 5S for fading circuits 
= 3 for nonfading circuits 


Bandwidth = 2M + 2DK 


For commercial telephony, 
K = 1. For high-fidelity 
transmission, higher values 
of K may be necessary 


Bandwidth 
KN 
= oe + 2M + 2D 
where 
K= 1.5 


Bandwidth = 2K/t 

where K varies from 1 to 10 
according to the permissible 
deviation in each particular 
case from a_ rectangular 
pulse shape. In many cases 
the value of K need not ex- 
ceed 6 


Bandwidth depends upon 


the particular types of mod- 
ulation used 
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continued 


examples 


details 


Morse code at 100 words/ min- 
ute. B = 80, K = 5, D = 425; 


bandwidth = 1250 cycles 
Four-channel multiplex with 7-unit 
code, 60 words/minute/channel. 


Then, B = 170, K = 5, D = 425; 


bandwidth = 1700 cycles 


For an average case of commercial 
telephony, with D = 15,000 and 
M = 3000; 


bandwidth = 36,000 cycles 


(See facsimile, amplitude modula- 
tion.) Cylinder diameter = 70 milli- 
meters, lines/millimeter = 3.77, 
cylinder rotation speed = 1/sec- 
ond, modulation tone = 1800 cy- 
cles, D = 10,000 cycles; 


bandwidth ~ 25,000 cycles 


t= 3X 10-8 and K = 6; 


bandwidth = 4 X 10° cycles 


* CCIR Recommendation No. 87 (London, 1953) for Fl emission was 
Bandwidth = 0.5B + 2.5D for 2.5 < 2D/B < 8 
Bandwidth = 2.58 + 2.0D for8 < 2D/B < 20 


designation 
of emission 


1.25F1 


1.7F1 


36F3 


25F4 


4000P0 
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Standard frequencies and time signals 
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WWV and WWVH*™ sas of March, 1956 


The National Bureau of Standards operates radio stations WWYV (near 
Washington, D.C.) and WWVH (Maui, Hawaii) which transmit standard 
radio frequencies, standard time intervals, time announcements, standard 
musical pitch, standard audio frequencies, and radio propagation notices. 


Standard frequencies are transmitted continuously day and night except as 
follows: 


WWY is silent for approximately 4 minutes beginning at 45 minutes 
15 seconds after each hour. 


WWYH is silent for 4 minutes following each hour and each half hour. 


WWYH is silent for 34 minutes each day beginning at 1900 UT (Universal 
Time). | 


Vertical dipole antennas are employed and 100-percent amplitude double- 
sideband modulation is used for second pulses and announcements. The audio 
tones on WWYV are transmitted as a single upper sideband with full carrier. 
Power output from the sideband transmitter is about one-third of the carrier 
power. 


standard WWV WWVH 
frequency in me i power in kw power in kw 
20 07, Crag 
5 8.0 2.0 
0 9.0 2.0 
15 708 7 2.0 
20 1.0 a 
25 9 ee soe 


Audio frequencies and musical pitch: Two standard audio frequencies, 440 
and 600 cycles per second, are broadcast on all carrier frequencies. The 
audio frequencies are given alternately, starting with 600 cycles on the hour 
for 3 minutes, interrupted 2 minutes, followed by 440 cycles for 3 minutes, 


* Based on U.S. Dept. of Commerce, National Bureau of Standards, Letter Circular LC 1009 
with corrections. Information on these services may be obtained from the Radio Standards 
Division, National Bureau of Standards; Boulder, Colorado. 
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Standard frequencies and time signals continued 
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and interrupted 2 minutes. Each 10-minute period is the same. The 440- 
cycle tone is the standard musical pitch A above middle C. 


Time signals and standard time intervals: The audio frequencies are: in- 
terrupted for intervals of precisely 2 minutes. They are resumed precisely 
on the hour and each 5 minutes thereafter. They are in agreement with 
the basic time service of the U.S. Naval Observatory so that they mark 
accurately the hour and the successive 5-minute periods. 


Universal Time (Greenwich Civil Time or Greenwich Mean Time) is an- 
nounced in international Morse code each five minutes starting with 0000 
(midnight). Time announcements in Morse code are given just prior to and 
refer to the moment of return of the audio frequencies. 


A voice announcement of Eastern Standard Time is given each 5 minutes 
from station WW/V; this precedes and follows each telegraphic-code 
announcement. 


A pulse or tick, of 0.005-second duration, occurs at intervals of precisely 
1 second. Each pulse on WWY consists of 5 cycles of 1000-cycle tone and 
each pulse on WWYVH consists of 6 cycles of 1200-cycle tone. 


The tones of WWYV are interrupted precisely 40 milliseconds each second 
except at the beginning and end of each 3-minute tone interval. The time 
pulse commences precisely 10 milliseconds after commencement of the 40- 
millisecond interruption. An additional pulse, 0.1 second later, is transmitted 
to identify the beginning of each minute. No pulse is transmitted at the 
beginning of the last second of each minute. 


Accuracy: Frequencies transmitted from WWV and WWYVH are accurate 
to within 1 part in 108; this is with reference to the mean solar second, 
100-day interval, as determined by the U.S. Naval Observatory with a 
precision of better than 3 parts in 10% Time intervals, as transmitted, are 
accurate within + 2 parts in 108 + 1 microsecond. 


Frequencies received may be as accurate as those transmitted for several 
hours per day during total light or total darkness over the transmission path 
at locations in the service range. During the course of the day, errors in 
the received frequencies may vary approximately between —3 to +3 
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Standard frequencies and time signals continued 


each hour 
15 
(WWVH silent 1900-1934 UT) 
* one-minute announcement intervals: 
|{start announcement interval end announcement interval }| 
wwy_ ; codet ! voice ! code ivoice 
propagation ; calland EST; UT ;EST 
notice 
WWVH code? r code | 
propagation 14 UT and call letters 
notice 
30 60 


time in seconds 


t North Atlantic propagation notice at 19.5 and 49.5 minutes past each hour. 
+ North Pacific propagation notice at 9 and 39 minutes past each hour. 


Audio frequencies and announcements of WWV and WWVH. 
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Standard frequencies and time signals continued 


parts in 10’. During ionospheric storms, transient conditions in the propa- 
gating medium may cause momentary change as large as 1 part in 10°. 


Time intervals, as received, are normally accurate within + 2 parts in 
10° + 1 millisecond. Transient conditions in the ionosphere at times cause 
received pulses to scatter by several milliseconds. 


Radio propagation notices:* WWY broadcasts for the North Atlantic path 
at 193 and 495 minutes past every hour. The forecasts are changed daily 
at 0500, 1200, 1700, or 2300 Universal Time and remain unchanged for the 
following 6 hours. The letter—digit combination is sent as a modulated tone 
in international Morse code, the letter indicating conditions at 0500, 1200, 
1700, or 2300 UT, respectively, and the digit the conditions forecast for the 
following 6-hour period. On WWYVH, the forecasts as broadcast are changed 
at 0200 and 1800 UT and are for the next 9-hour period, these WWVH 
forecasts being broadcast at 9 and 39 minutes past each hour for the North 
Pacific path. 


The letters and digits signify radio propagation quality as follows: 


condition at 0500, 1200, propagation 
1700, or 2300 UT forecast conditions 

W 1 Useless 
Disturbed : eet ae 
W 4 Poor to fair 
U Unsettled 5 Fair 
N 6 Fair to good 
N Norma! Z Good 
N 8 Very good 
N 2 Excellent 


* Abstracted from, “North Atlantic Radio Warning Service,” CRPL-RWS-31, March 19, 1956, 
National Bureau of Standards; Box 178, Fort Belvoir, Virginia and “North Pacific Radio Warning 
Service,’’ CRPL-RWS-30, March 19, 1956, National Bureau of Standards; Box 1119, Anchorage, 
Alaska. The latest issues of these bulletins should be consulted for further information. 
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Standard frequencies and time signals continued. 


Other standard-frequency stations as of August, 1954 


Rugby Tokyo Torino Johannesburg 
Country England Japan Italy © South Africa 
Galsign MSF WY IBE ZUO 
Carrier power in kw 0.5 ] 0.3 0.1 
Days per week 7 7-2 Tuesday ff 
Hours per day 24° 24 6P . | 24 
Gee mc 2:5,'5;7108 2:59, 5, 10e4 5 5 
Modulations in c/s 14, 1000 14, 1000 14, 440, 1000 | 1* 
Duration of tone 
modulation in minutes 5 in each 15 9 in each 20 § in each 10! — 
Duration of time 
signals in minutes 5 in each 15 continuous 5 in each 10 continuous 


® Total interruption of transmission from minute 15 to minute 20 of each hour. 
b From 0800 to 1100 and from 1300 to 1600 UT. 
© Transmissions are also made on 60 ke. 

4 Transmissions are also made on 4 and 8 mc. 
© Daily from 0700 to 2300 UT. 

f Mondays. 

& Wednesdays. 

4 5 cycles of 100-c/s modulation pulses. 

i Interruptions for 20 milliseconds. 

i 440- and 1000-c/s tones alternately. 

k 100 cycles of 1000-c/s modulation pulses. 


See also list of foreign radio time signals in “Radio Navigational Aids,” U. S. Navy Hydro- 
graphic Office publication 205 for sale by the Hydrographic Office, Washington 25, D. C. 
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Hi Units, constants, and conversion factors 


Conversion factors 


conversely, 

to convert into multiply by multiply by 
Acres Square feet 4.356 X 104 2.296 X10" 
Acres Square meters 4047 2,471) <10-* 
Ampere-hours Coulombs 3600 2778 KosOre 
Amperes per sq cm Amperes per sq inch 6.452 0.1550 
Ampere-turns Gilberts WA 0.7958 
Ampere-turns per cm Ampere-turns per inch 2.540 0.3937 
Atmospheres Mm of mercury @ 0° C 760 1.316.) 107? 
Atmospheres Feet of water @ 4° C 33.90 2.950 X 1072 
Atmospheres Inches mercury @ 0° C 29.92 3.342%. 107 
Atmospheres Kg per sq meter 1.033 & 104 9.678 K 10° 
Atmospheres Newtons per sq meter 1.0133 & 10° 0.9869 X 107° 
Atmospheres Pounds per sq inch 14.70 6.804 & 107? 
Btu Foot-pounds 778.3 L2eS 451064 
Btu Joules 1054.8 9480 X< 1074 
Btu Kilogram-calories 0.2520 3.969 
Btu per hour Horsepower-hours Saree 10" 2545 
Bushels Cubic feet 1.2445 0.8036 

; F : COO 7S =e a 
Centigrade (Celsius) Fahrenheit (Co + 40) X 9/5 = IF? + 40) 
Chains (surveyor’s) Feet 66 USiS X10 
Circular mils Square centimeters §.067 10 § 1.973 * 10° 
Circular mils Square mils 0.7854 L273 
Cubic feet Cords Foie « 10 * 128 
Cubic feet Gallons (liq US) 7.481 0.1337 
Cubic feet Liters 28.32 S031) Ma dOne 
Cubic inches Cubic centimeters 16.39 6.102 Xs 104 
Cubic inches Cubic feet 5.7875 10>* 1728 
Cubic inches Cubic meters 1.639 X 1075 6.102 X 108 
Cubic inches Gallons (liq US) 4329 >< 1s 231 
Cubic meters Cubic feet 35.31 2.808 oS alias 
Cubic meters Cubic yards 1.308 0.7646 
Degrees (angle) Radians 1.745 xX 10 57.30 
Dynes Pounds 2.248 10-% 4.448 & 10° 
Ergs Foot-pounds Liou 10S 1.356 X07 
Fathoms Feet 6 0.16667 
Feet Centimeters 30.48 B70 le el, 
Feet Varas 0.3594 2.782 
Feet of water @ 4° C Inches of mercury @ 0° C 0.8826 hale 
Feet of water @ 4° C Kg per sq meter 304.8 3.281 & 1078 
Feet of water @ 4° C Pounds per sq foot 62.43 1.602 107? 
Foot-pounds Horsepower-hours §.050 *& 10-7 1.980108 
Foot-pounds Kilogram-meters 0.1383 7.233 
Foot-pounds Kilowatt-hours 3.766 X 10°? 2655 Cntr 
Gallons (liq US) Cubic meters 3/355 ele 264.2 
Gallons (liq US) Gallons (liq Br Imp) (Canada) 0.8327 1.201 
Gausses Lines per sq inch 6.452 0.1550 


30 CHAPTER 2 


Conversion factors 


fo convert 


Grains (for humidity 
calculations) 
Grams 
Grams 
Grams 
Grams 
Grams per cm 
Grams per cu cm 
Grams per sq cm 
Hectares 
Horsepower (boiler) 
Horsepower (metric) 
(542.5 ft-lb per sec) 
Horsepower (metric) 
(542.5 ft-lb per sec) 
Horsepower (metric) 
(542.5 ft-lb per sec) 
Horsepower 
(550 ft-lb per sec) 
Horsepower 
(550 ft-lb per sec) 
Horsepower 
(550 ft-lb per sec) 
Horsepower (metric) 
(542.5 ft-lb per sec) 
Horsepower 
(550 ft-lb per sec) 
Inches 
Inches 
Inches 
Inches 
Inches 


Inches of mercury @ 0° C 


Inches of water @ 4° C 
Inches of water @ 4° C 
Inches of water @ 4° C 
Inches of water @ 4° C 
Joules 

Joules 

Kilogram-calories 
Kilogram-calories 
Kilograms 

Kilograms 

Kilograms 

Kilograms per kilometer 
Kg per sq meter 
Kilometers 
Kilowatt-hours 
Kilowatt-hours 
Kilowatt-hours 


continued 


Pounds (avoirdupois) 


Dynes 

Grains 

Ounces (avoirdupois) 
Poundals 

Pounds per inch 
Pounds per cu inch 
Pounds per sq foot 
Acres 

Btu per hour 

Btu per minute 


Foot-Ib per minute 
Kg-calories per minute 
Btu per minute 

Foot-lb per minute 
Kilowatts 


Horsepower 
(550 ft-lb per sec) 
Kg-calories per minute 


Centimeters 

Feet 

Miles 

Mils 

Yards 

Lbs per sq inch 

Kg per sq meter 
Ounces per sq inch 
Pounds per sq foot 
In of mercury 
Foot-pounds 

Ergs 
Kilogram-meters 
Kilojoules 


Tons, long lavdp 2240 Ib) 
Tons, short lavdp 2000 Ib) 


Pounds lavoirdupois) 


multiply by 


14295 xa705* 


980.7 
15.43 
D.9274 Oe 
7.093 X 107? 
5.600 & 107% 
3.613 XK 1077 
2.0481 
2.471 
3.347 X 104 
41.83 


3.255 X 108 
10.54 

42.4] 

3.3 X 104 
0.745 
0.9863 
10.69 


2.540 
8.333 & 107? 
1.578 X 107% 
1000 
2.778 Ore 
0.4912 
25.40 
0.5782 
5.202 
7.355 X 107 
0.7376 
10” 
426.9 
4.186 
9.482 X 107* 
1.10210; * 
2.205 


Pounds lavdp) per mile (stat) 3.548 


Pounds per sq foot 
Feet 

Btu 

Foot-pounds 
Joules 


0.2048 


3281 
3413 


2.655 X 108 
3.6 X 108 


conversely, 
multiply by 


7000 


1.020 X 1073 
6.481 X 107? 
28.35 
14.10 
178.6 
27.68 
0.4883 
0.4047 
2.986 X 10% 
2.390) nome 


3.072 X 10°* 
9.485 X 10? 
2.357 x 107? 
3.030 X 10% 
1.342 

1.014 

9.355 X 10-7 


0.3937 
12 

6.336 X 104 
0.001 
36 

2.036 

3.937 X 1072 
1.729 

0.1922 

13.60 

1.356 

1077 

2.343 & 1073 
0.2389 

1016 
907.2 

0.4536 
0.2818 

4.882 

3.048 XK 107¢ 
2.930  107¢ 
3.766 X 1077 
2.778 XK 1077 


Conversion factors 


to convert 


Kilowatt-hours 
Kilowatt-hours 
Kilowatt-hours 
Kilowatt-hours 


Kilowatt-hours 


Knots* (naut mi per hour) 
Knots 
Knots 
Lamberts 
Lamberts 
Leagues 
Links 
Links (surveyor’s) 
Liters 
Liters 
Liters 
Liters 
Liters 
Liters 
loge Nor InN 
Lumens per sq foot 
Lux 
Meters 
Meters 
Meters per min 
Meters per min 
Microhms per cm cube 
Microhms per cm cube 
Miles (nautical) * 
Miles (nautical) 
Miles (nautical) 
Miles (statute) 
Miles (statute) 
Miles per hour 
Miles per hour 
Miles per hour 
Millibars 
Millibars 

(10? dynes per sq cm) 
Nepers 
Newtons 
Newtons 
Newtons 
Newtons 
Ounces (fluid) 
Ounces (avoirdupois) 
Pints 
Pounds of water (dist) 
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continued 


into 


Kilogram-calories 
Kilogram-meters 


Pounds carbon oxydized 
Pounds water evaporated 


from and at 212° F 
Pounds water raised 
from 62° to 212° F 
Feet per second 
Meters per minute 
Miles (stat) per hour 
Candles per sq cm 
Candles per sq inch 
Miles (approximately) 
Chains 
Inches 
Bushels (dry US) 
Cubic centimeters 
Cubic meters 
Cubic inches 


Gallons (liq US) 
Pints (liq US) 
Logio N 


Foot-candles 
Foot-candles 

Yards 

Varas 

Feet per minute 
Kilometers per hour 


Microhms per inch cube 


Ohms per mil foot 
Feet 

Meters 

Miles (statute) 
Kilometers 

Feet 

Kilometers per minute 
Feet per minute 
Kilometers per hour 
Inches mercury (32° F) 
Pounds per sq foot 


Decibels 
Dynes 
Kilograms 
Poundals 
Pounds (avdp) 
Quarts 

Pounds 

Quarts (liq US) 
Cubic feet 


multiply by 


860 


3.671 X 10° 
0.235 
3.53 


22.75 


1.688 
30.87 
1.1508 
0.3183 
2.054 
3 
0.01 
7.72 
2.838 X 107 


1000 


0.001 
61.02 
0.2642 
2.113 
0.4343 
1 
0.0929 
1.094 
1.379 
3.281 
0.06 
0.3937 
6.015 


6076.1 
1852 


1.1508 
1.609 


§280 


2.682 X 10 
88 

1.609 

0.02953 

2.089 


8.686 

10° 

0.1020 

7.233 

0.2248 

S25 e105 
6:25 C1072 
0.50 

1.603 X 107 


conversely, 
multiply by 


1163. X,1074 
2.724 X 10-* 
4.26 
0.283 


ASS X04 


0.5925 
0.03240 
0.8690 
3.142 
0.4869 
0.33 
100 
0.1263 
35.24 
0.001 


1000 


1.639 X 107 
3.785 

0.4732 

2.303 

1 
10.764 

0.9144 

0.848 

0.3048 
16.67 

2.540 

0.1662 

1.646 X 1074 
5.400 X 1074 
0.8690 
0.6214 

1.894 < 104 
37.28 

E136. «105° 
0.6214 

33.86 

0.4788 


0.1151 
107: 
9.807 
0.1383 
4.448 
32 
16 
2 
62.38 
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Conversion factors 


fo convert 


Pounds of water (dist) 

Pounds per inch 

Pounds per foot 

Pounds per mile (statute) 

Pounds per cu foot 

Pounds per cu inch 

Pounds per sq foot 

Pounds per sq foot 

Pounds per sq inch 

Poundals 

Poundals 

Quarts 

Rods 

Slugs (mass) 

Sq inches 

Sq inches 

Sq feet 

Sq miles 

Sq miles 

Sq miles 

Sq millimeters 

(Temp rise, °C) X& (U.S. 
gal water) /minute 

Tons, short (avoir 2000 Ib) 

Tons, long (avoir 2240 Ib) 

Tons, long (avoir 2240 Ib) 

Tons (US shipping) 

Watts 

Watts 

Watts 

Watts 


Watts 


Watts 
Watt-seconds (joules) 
Webers per sq meter 
Yards 


continued 


into 


Gallons 

Kg per meter 

Kg per meter 

Kg per kilometer 
Kg per cu meter 
Pounds per cu foot 
Pounds per sq inch 
Kg per sq meter 
Kg per sq meter 


Dynes 

Pounds {avoirdupois) 
Gallons (liq US) 
Feet 


Pounds (avoirdupois) 
Circular mils 

Sq centimeters 

Sq meters 

Sq yards 

Acres 

Sq kilometers 
Circular mils 


Watts 


Tonnes (1000 kg) 

Tonnes (1000 kg) 

Tons, short (avoir 2000 Ib) 

Cubic feet 

Btu per minute 

Ergs per second 

Foot-lb per minute 

Horsepower (550 ft-lb per 
sec) 

Horsepower (metric) 
(542.5 ft-lb per sec) 

Kg-calories per minute 

Gram-calories (mean) 

Gausses 

Feet 


multiply by 


0.1198 
17.86 
1.488 
0.2818 
16.02 
1728 
6.944 X 1073 
4.882 
703.1 
1.383 X 104 
3.108" 10? 
0.25 
16.5 
32.174 
1.273 X 108 
6.452 
aie ome 
3.098 X 10° 
640 
2.590 
1973 
264 


5.66977, 0m 


1.341 & 107% 
1.360 X 107? 


LASS pues 


conversely, 
multiply by 


8.347 

0.05600 

0.6720 

3.548 

6.243 X 10°? 

5.787 < 10> 
144 

0.2048 

1.422) X“10"4 

7.233 Ort 
EVA IN7/ 

4 

6:061..x GO. 

3.108. X10-¢ 

7.8540 10 * 

0.1550 

10.76 

3.228 <Gilem 

1.562 Kalor? 

0.3861 

5.067 Xe10n 

3.79: x<ilome 


1.102 
~ 0.9842 
0.8929 
0.025 
17.58 
10e¢ 
2.260 X 10°? 
745.7 


735.5 


69.77 

4.186 

10“ 
0.3333 


* Conversion factors for the nautical mile and, hence, for the knot, are based on the Inter- 
national Nautical Mile, which was adopted by the U.S. Department of Defense and the U.S. 
Department of Commerce, effective 1 July 1954. See, “Adoption of International Nautical 
Mile,"’ National Bureau of Standards Technical News Bulletin, vol. 38, p. 122; August, 1954. The 
International Nautical Mile has been in use by many countries for various lengths of time. 


Note: 


Examples 


Pounds are avoirdupois in every entry except where otherwise indicated. 


a. Required, the conversion factor for pounds (avoirdupois) to grams. Duplication of entries 
in the table has been reduced to the minimum. An entry will be found for kilograms to pounds, 
from which the required factor is obviously 453.6. 


b. Convert inches per pound to meters per kilogram. A number of conversions have been 
collected under the name, pounds. The desired factor appears under pounds per inch. Since 
the reciprocal is tabulated, the factors must be interchanged, so the desired one is 0.05600. 
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Centigrade-to-fahrenheit conversion chart 


oF CCC Yom) °C OOF °C OOF 
VY Very Wav Vien. 
) +32 100 22 500 5,000 


o<46 
<< 


900 
+20 200 


-50 =-10 90 450 4,500 


8,000 


—|00 800 


-100 -150 -20 80 400 4,000 


7,000 


-200 700 


-150 =-30 70 350 


3,500 
-250 


6,000 
-300 600 


-200 -40 -40 60 140 300 3,000 


-350 
5,000 
-250 -50 50 250 2,500 
-60 (20 
©273.18 —459.72 
absolute zero 4,000 
4 
-60 40 200 he 2,000 
——-80 100 
3,000 
-70 30 150 300 1,500 
—100 80 
2,000 
-80 20 100 1,000 


200 


—!20 60 


500 1,000 


100 


-140 40 


degrees Kelvin (centigrade absolute ) =°C+ 273.18 
degrees Rankine (fahrenheit absolute) =°F + 459.72 


=100 -148 0 32 te) 
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Principal physical atomic constants* 


Centimeter-gram-second units 


usual symbol denomination value and units 
Me Nee Faraday’s constant (physical scale) 9652.19 + 0.11 emu (g mole)—! 
N Avogadro's constant (physical scale) (6.02486 + 0.00016) X 1023 (g mole)! 
h Planck's constant (6.62517 + 0.00023) X 107? erg sec 
m Electron rest mass (9.1083 + 0.0003) X 10-8 g 
- (4.80286 + 0.00009) 1071 esu 

Electronic charge 

ea e/C (1.60206 + 0.00003) X 10720 emu 
e/m (5.27305 + 0.00007) X 10!” esu g™} 


e’/m = e/ (mc) 


(a) 


h/ (me) 


ao = h2/(422me?) 


244 8x3 
c= — Stefan-Boltzmann constant (0.56687 -+ 0.00010) X 10-4 erg cm~? deg~ sec™ 
c 
AmaxT Wien displacement-law constant (0.289782 + 0.000013) cm deg 


wo = he/(4amc) 


Charge-to-mass ratio of electron 


Velocity of light in vacuumt 


Compton wavelength of electron 


First Bohr electron-orbit radius 


Bohr magneton 


(1.75890 + 0.00002) * 107 emu g™! 
299 ,793.0 + 0.3.km sec™! 


(24.2626 + 0.0002) & 1071! cm 


(5.29172 + 0.00002) * 107% cm 


(0.92731 + 0.00002) * 107-29 erg gauss~ 


Nm Atomic mass of the electron (5.48763 + 0.00006) X [074 
(physical scale) 

Mp/Nm Ratio, proton mass to electron mass 1836.12 + 0.02 

Fo =e + 108/c Energy associated with 1 ev (1.60206 + 0.00003) * 10712 erg 


(mc2/Eo) X 1076 


Energy equivalent of electron mass 


(0.510976 + 0.000007) Mev 


k = Ro/N Boltzmann's constant (1.38044 + 0.00007) X& 10716 erg deg™} 

Roo pawn wave number for infinite mass _ | (109,737.309 + 0.012) cm7} 

H Hydrogen atomic mass (phy sical Rall 1.008142 -+- 0.000003 

Ro a constant per mole (physical scale) | (8.31696 + 0.00034) X 107 erg mole! deg! 
Vo Standard volume of perfect gas (22,420.7. + 0.6) cm’ atmos mole! 


(physical scale) 


* Extracted from: E. R. Cohen, J. W. M. DuMond, T. W. Layton, and J. S. Rollett, “Analysis of 
Variance of the 1952 Data on the Atomic Constants and a New Adjustment, 1955," Reviews 
of Modern Physics, vol. 27, pp. 363-380; October, 1955. 


+ Where c appears in the equations for other constants, it is the numerical value of the velocity 
in centimeters per second. 
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Principal physical atomic constants continued 
Meter-kilogram-second rationalized units 


The following table is derived from that on p. 34; for further details regarding 
symbols and probable errors, refer to that table. 


usual symbol! | . denomination | value and units 
fe Faraday's constant 9.652 X 107 coulomb (kg—mole)~! 
N Avogadro's constant 6.025 X 1026 (kg—mole)—! 
h Planck's constant 6.625 X 10784 joule sec 
m Electron rest mass 9.108 & 10-81 kg 
e Electronic charge 1.602 * 10719 coulomb 
e/m Electron charge/mass 1.759 X 1011 coulomb kg™! 
c Velocity of light in vacuum 2.998 X 108 meters sec™! 
h/mc Compton wavelength of electron 2.426 X 10712 meter 
ao First Bohr electron-orbit radius §.292 X 10711 meter 
o Stefan-Boltzmann constant 5.669 XK 1078 watt meter? (deg K)~4 
AmaxT Wien displacement-law constant 2.898 X 1073 meter (deg K) 
i) Bohr magneton 9.273 X 107-24 joule meter? weber7! : 
Nm Atomic mass of the electron 5.488 X 1074 
Mp/Nm Ratio, proton mass to electron mass 1836 
vo Speed of 1-ev electron 5.932 105 meter sec71 
Eo Energy associated with | ev 1.602 X 107!® joule 
mc2/Eo Energy equivalent of electron mass 0.5110 XK 108 ev 
k Boltzmann's constant 1.380 X 10723 joule (deg K)~} 
Roar Rydberg wave number for infinite mass | 1.097 X 107 meter! 
H Hydrogen atomic mass 1.008 
Ro = PV/MT Gas constant 8.317 X 103 joule (kg—mole)—! (deg K)~! 


Note: joule = (newton/meter?) meter? 
6 eet 
Vo Standard volume of perfect gas at 0° C | 22.42 meter? (kg—mole) —! 

and | atmosphere (p. 29) 


Properties of free space 


Velocity of light = c = 1/(u,e,)”* = 2.998 X 108 meters per second 
186,280 miles per second 

= 984 X 10° feet per second. 
Permeability = wu,» = 44 X 10°? = 1.257 X 10°* henry per meter. 
Permittivity = ey = 8.85 X 10-2 = (36m X 10%) farad per meter. 
Characteristic impedance = Zo = (py/€)”2 = 376.7 = 120m ohms. 
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Unit conversion table 


equation 
in mks(r) 

sym= mks(r) (rationalized) 
quantity bol units unit 
length l meter (m) 
mass m kilogram 
time t second 
force F F = ma newton 
work, energy Ww W = Fil out 
power j ie 12 Ns watt 
electric charge q coulomb 
volume charge density p p=q/v coulomb/m3 
surface charge density g o=@/A coulomb/m? 
electric dipole moment p p=dal coulomb-meter 
polarization An P=p/» coulomb/m? 
electric field intensity E E = F/q volt/m 
permittivity : F = @?/4rel?| farad/m 
displacement D D=cE coulomb/m? 
dizpidesmart flux Nabi vY=DA coulomb 
emf, electric potential workin nasek El volt 
Betrentsi i: capt oseas /f = Gift ampere 
Liaw current density be bi J=I1/A ampere/m? 
striae gurrant density K |K=TI/I ampere/m 
resuianee mes R 13 = epi ohm 
ead OG Maes Ch Ys mho 
renliiiviny p p= RAJ ohm-meter 
conductivity Y y =1/p mho/meter 
cepauiances Coy WiCree a Vs farad 
elastance igen S16 daraf Bey 
magnetic charge ven weber 
magnetic dipole moment| m m = ml weber-meter 
magnetization M |\M=>m/» weber /m2 
magnetic field intensity H H=nlI/l | ampere-turn/m 
permeability case F=m?2/4rpl2 | henry/m 
induction B B= ,H weber /m?2 
induction flux con & = BA weber 
mmf, magnetic potential a M=HI ampere-turn 
reluctance R, | R= M/® | amp-turn/weber 
permeance P P=1/R weber/amp-turn 
inductance L 1 Say) henry 


equivalent number of 


mks(nr) pract | esu | emu (noma 
units units ized) un 
1 102 102 102 meter (m) 
1 103 103 103 Witeeran 
1 1 1 1 second 
1 108 105 105 newton 
1 1 107 107 joule 
1 1 10’ 107 watt 
1 abe id sia ok 109 10-1 coulomb 
1 eh, 0-6 3 108 1077 _coulomb/m 
1 10-4 3X10 0-5 coulomb/m 
1 102 3x10" | 49 bouloniiam 
1 10-4 3X10 10-5 coulomb/m 
1 10-2 10~4/3 106 volt/m 
4x | 4X10 | 36X10? | 4g ycqg— 
4or 4a X 10-4 “‘W2eX105- “4 X10-5 
4a dar 127X109 | 4410-1 
1 1 10°2/3 eye volt 
1 1 3X 10° 1071 ampere 
Secece |.! 
1 10-2 | 3X10" 10-*. | ainpere/elh 
1 1 | 10=1/9. ona eee 
1 1 9x10 10-° mho 
1 ioe | 0-7/0 |) SOHN eae 
1 10-2 9X10° 10 ‘| mho/meter' 
1 1 9X10". | 10-70 tence 
1 1 1071/9 10° daraf 
1/40 108/4ar 10°2/124 108/4a 
1/4x 1010/4ar 1/127 1010/47 
1/40 104/40 10-6/124 104/4x 
4ar 4a X1073 | 129X107 | 4 X1073 
1/4 107/4a =| 10713/362 | 107/4a 
1 104 - 1076/3 104 weber/m2 — 
1 108 1072/3 108 weber 
4ar 4x X10 | 127X109 | 44X10 
4a 4a X10-9 | 364X104 | 44X10 
1/4x 109/4% =| 10721/36r | 109/4ar 
1 1 10-11/9 10° henry 


Compiled by J. R. Ragazzini and L. A. Zadeh, Columbia University, New York. 
The velocity of light was taken as 3 X 10! centimeters/second in computing the conversion factors. 
Equations in the second column are for dimensional purposes only. 
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(G) 


equivalent 
equivalent number of | number of equivalent 
practical esu number of emu 

mag | ev | om | 8) | ore | omy cm | 
102 102 102 centimeter (cm) 1 1 centimeter (cm) (G) 1 centimeter (em) 
Be ten ietoe | gram 1 1 | gram (Gabvedue || gram 

1 1 1 sf second 1 1 second (G) 1 second 
105 105 105 dyne 1 1 dyne (G) 1 dyne 

1 10’ 107 joule 107 107 erg TG. 1 erg 
-— 10? 107 watt 107 107 erg/second (G) 1 erg /second 
_ 3X 109 10-1 coulomb 3109 1071 statcoulomb (G) | 107°/3 | abeoulomb 
10-6 3103 10-7 | coulomb/cm3 3109 10-1 statcoulomb/cm$’ (G) | 1079/3 | abcoulomb/cem? 
10-4 3xX<105 10-5 coulomb/cm?2 3109 10 | statcoulomb/em? (G) | 1071°/3 | abcoulomb/em?2 
102 3X10 10 coulomb-cm 3109 1071 statcoulomb-em (G) | 10710/3 | abcoulomb-cm 
10-4 3105 10-5 | coulomb/cem? 3109 107+ | statcoulomb/em2 (G) |} 10-10/3 | abeoulomb/cm?2 
10-2 10-4/3 106 volt/em 10°2/3 108 statvolt/cm (G) 31010 abvolt/em 
10-9 9X 109 10-4 9X 1018 10-2 (G) | 10-20/9 
lO-4 3X105 10-6 3109 1071 (G) | 10-19/3 

1 3X109 1071 3109 pA hg (G) | 10-19/3 
me | 10/3 | to | volt 10-2/3 | 10° | statvolt (G)| 3x10 | abvolt 
= 3x 10° 10-1 | ampere 3X 109 107) ‘aintimpere (G) | 1019/3 | abampere 
10-4 3X10 10-5 Bane em2 3109 107 |statampere/em2 (G)| 10719/3 | abampere/em? 
0-2 3107 10-3 | ampere/cm 3x 109 10 | statampere/em (G)| 1071/3 | abampere/em 

1 10-1/9 109 ohm i” 10-1/9 109 statohm (G) | 9X102 | abohm > 
1 | 9x10" | 10 | mho 9x101 | 10-* | statmho (G) | 10-/9 | abmho 
- 1079/9 104 ohm-cm 10711/9 10° statohm-cm (G) | 91020 | abohm-cm 
[0-2 9109 107! | mho/em 9x 104 10-9 | statmho/em (G) | 10-2°/9 | abmho/em 

1 9100 10-9 farad 9104 10° | statfarad (em) (G)}| 10720/9 } abfarad 
gy 10-11/9 109 daraf 1011/9 109 statdaraf (G) | 91020 | abdaraf 
08 10°2/3 108 10710/3 1 3X101° | unit pole 

[O10 1/3 1010 10710/3 vie 310° | pole-cm 

04 10-6/3 104 1019/3 1 31019 | pole/cm? 
0-8 3107 10-3 | oersted 3X 1010 1 1071°/3 | oersted 

07 10713/9 107 gauss/oersted 10-20/9 i 9102 | gauss/oersted 
04 10-*/3 | 10¢ | gauss 10-3 | 1 3X10 | gauss 

08 1072/3 108 maxwell (line) 1070/3 1 3><10!° | maxwell (line) 
0-1 3109 10-1 j gilbert 3X 1010 1 10-10/3 | gilbert 

0-9 9X10" 10-® | gilbert/maxwell 91020 a , 10-20/9 | gilbert /maxwell 
09 1071/9 109 maxwell/gilbert 10~20/9 1 91020 | maxwell/gilbert 
sz 10-#4/9 10? henry 10711/9 109 stathenry (G) | 91020 | abhenry (cm) 


(G) 


G = Gaussian unit. 
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Metric multiplier prefixes 


Multiples and submultiples of fundamental units such as: meter, gram, liter, 
second, ohm, farad, henry, volt, ampere, and watt may be indicated by the 
following prefixes. 


prefix | abbreviation | multiplier | prefix | abbreviation | multiplier 
tera T 10? deci d 10-1 
giga G 109 centi c 10-2 
mega M 108 milli m 104 
myria ma 104 micro m 10° 
kilo k 108 nano n 10-? 
hecto h 10? pico | p 10me< 
deca da 10 


Fractions of an inch with metric equivalents 


fractions of decimals of fractions of | decimals of 


an inch an inch mnuabimoters an inch an inch millimeters 
a 0.0156 0.397 33%) 0.5156 13.097 
le 0.0313 0.794 ll 0.5313 13.494 
36 0.0469 1.191 | 85K 0.5469 13.891 
le 0.0625 1.588 N% 0.5625 14.288 
5, 0.0781 1.984 31K, 0.5781 14.684 
34 0.0938 2.381 19% 0.5938 15.081 
Vs 0.1094 2.778 3%, 0.6094 15.478 
le 0.1250 3.175 % 0.6250 15.875 
% 0.1406 3.572 4K, 0.6406 16.272 
349 0.1563 3.969 26 0.6563 16.669 
ly, 0.1719 4.366 434) 0.6719 17.066 
Ye 0.1875 4.763 lye 0.6875 17.463 
134) 0.2031 5.159 45, 0.7031 17.859 
% 0.2188 5.556 236 0.7188 18.256 
13% 0.2344 5.953 41 0.7344 18.653 
Ya 0.2500 6.350 Ya 0.7500 19.050 
li, 0.2656 6.747 49 0.7656 19.447 
% 0.2813 7.144 254 0.7813 19.844 
19%) 0.2969 7.541 5K 0.7969 20.241 
546 0.3125 7.938 134, 0.8125 20.638 
2K, 0.3281 8.334 53%) 0.8281 21.034 
Vy, 0.3438 8.731 21% 0.8438 21.431 
236 0.3594 9.128 5564 0.8594 21.828 
3% 0.3750 9.525 ihK 0.8750 22.225 
256 0.3906 9.922 51K, 0.8906 22.622 
136 0.4063 10.319 2% 0.9063 23.019 
21h 0.4219 10.716 5% 0.9219 23.416 
% 0.4375 11.113 15%, 0.9375 23.813 
22% 0.4531 11.509 61g, 0.9531 24.209 
15% 0.4688 11.906 3% 0.9688 24.606 
aly, 0.4844 12.303 634, 0.9844 25.003 


Ya 0.5000 12.700 aS 1.0000 25.400 
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Greek alphabet 


name capital small commonly used to designate 

ALPHA A a Angles, coefficients, attenuation constant, absorption factor, 
area 

BETA B B 6 Angles, coefficients, phase constant 

GAMMA L y Complex propagation constant (cap), specific gravity, angles, 
electrical conductivity, propagation constant 

DELTA Vay Increment or decrement (cap or small), determinant (cap) 
permittivity (cap), density, angles 

EPSILON E € Dielectric constant, permittivity, base of natural logarithms, 
electric intensity 

ZETA Z ¢ Coordinates, coefficients 

ETA H n Intrinsic impedance, efficiency, surface charge density, 
hysteresis, coordinates 

THETA O wo 6 Angular phase displacement, time constant, reluctance, angles 

OTA | l Unit vector 

KAPPA K K Susceptibility, coupling coefficient 

LAMBDA A nN Permeance (cap), wavelength, attenuation constant 

MU M im Permeability, amplification factor, prefix micro 

NU N yp Reluctivity, frequency 

Xl ic) E Coordinates 

OMICRON O O 

PI igi 1 3.1416 

RHO P p Resistivity, volume charge density, coordinates 

SIGMA > Co Summation (cap), surface charge density, complex propagation 
constant, electrical conductivity, leakage coefficient 

TAU A: r Time constant, volume resistivity, time-phase displacement, 
transmission factor, density 

UPSILON YT U 

PHI v4) @ g Scalar potential (cap), magnetic flux, angles 

CHI x x Electric susceptibility, angles 

PSI WV y Dielectric flux, phase difference, coordinates, angles 

OMEGA Q A) Resistance in ohms (cap), solid angle (cap), angular velocity 


Small letter is used except where capital (cap) is indicated. 
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Decibels and power, voltage, and current ratios 
RAE RA NRT AT YS BE IE LT TE 


The decibel, abbreviated db, is a unit used to express the ratio between two 
amounts of power, P; and Pe, existing at two points. By definition, 


number of db = 10 logw 7 
2 


It is also used to express voltage and current ratios; 


I 
number of db = 20 logio Ma = 20 logio eS 
Vo 1 


Strictly, it can be used to express voltage and current ratios only when the 
voltages or currents in question are measured at places having identical 
impedances. 


voltage voltage 
power and current decibe!s power and current decibels 
ratio ratio ratio ratio 
| 
1.0233 1.0116 0.1 19.953 4.4668 13.0 
1.0471 1.0233 0.2 PSA 5.0119 14.0 
1.0715 1.0351 0.3 S1k623 §.6234 15.0 
1.0965 1.0471 0.4 39.811 6.3096 16.0 
1.1220 1.0593 by ORS §0.119 7.0795 é 17.0 
1.1482 1.0715 0.6 63.096 7.9433 18.0 
1.1749 1.0839 0.7 79.433 8.9125 19.0 
1.2023 1.0965 0.8 100.00 10.0000 20.0 
1.2303 1.1092 0.9 158.49 12.589 22.0 . 
1.2589 1.1220 1.0 Q5tRY: 15.849 24.0 
1.3183 1.1482 2 398.11 19.953 26.0 
1.3804 1.1749 1.4 630.96 25.119 28.0 
1.4454 1.2023 1.6 1000.0 31.623 30.0 
1.5136 1.2303 1.8 1584.9 39.811 32.0 
1.5849 1.2589 2.0 PMS) 50.119 34.0 
1.6595 1.2882 2.2 3981.1 63.096 36.0 
1.7378 1.3183 2.4 6309.6 79.433 38.0 
1.8197 1.3490 2.6 104 100.000 40.0 
1.9055 1.3804 2.8 104 X 1.5849 125.89 42.0 
1.9953 1.4125 3.0 104 X:2.5119 158.49 44.0 
2.2387 1.4962 ar 104 X 3.9811 199.53 46.0. 
2.5119 1.5849 4.0 104 X 6.3096 PASE) 48.0 
2.8184 1.6788 4.5 105 316.23 §0.0 
3.1623 1.7783 5.0 105 X 1.5849 398.11 $2.0. 
3.5481 1.8836 55 108. & 2.5119 501.19 54.0 
3.9811 1.9953 6.0 10° & 3.9811 630.96 _ 56.0 
5.0119 2.2387 7.0 10® X 6.3096 794.33 wp 1580 
6.3096 2.5119 8.0 106 1,000.00 60.0 
7.9433 2.8184 9.0 107 3,162.3 70.0 
10.0000 3.1623 10.0 108 10,000.0 80.0 
12.589 3.5481 11.0 109 31,623 90.0 . 
15.849 3.9811 12.0 1010 100,000 100.0 
To convert 


Decibels to nepers multiply by 0.1151 
Nepers to decibels multiply by 8.686 


Where the power ratio is less than unity, it is usual to invert the fraction and express the answer 
as a decibel loss. ) 


Atomic weights* 


element 


Actinium 
Aluminum 
Americium 
Antimony 
Argon 


Arsenic 
Astatine 
Barium 
Berklinium 
Beryllium 


Bismuth 
Boron 
Bromine 
Cadmium 
Calcium 


Californium 
Carbon 
Cerium 
Cesium 
Chlorine 


Chromium 
Cobalt 
Copper 
Curium 
Dysprosium 


Erbium 
Europium 
Fluorine 
Francium 
Gadolinium 


Gallium 
Germanium 
Gold 
Hafnium 
Helium 


Holmium 
Hydrogen 
Indium 
lodine 
Iridium 


Iron 
Krypton 
Lanthanum 


symbol 


Ac 
Al 

Am 
Sb 


Kr 
La 


atomic 
number 


atomic 
weight 


227 
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element 


lead 
Lithium 
Lutetium 
Magnesium 
Manganese 


Mercury 
Molybdenum 
Neodymium 
Neon 
Neptunium 


Nickel 
Niobium 
Nitrogen 
Osmium 
Oxygen 


Palladium 
Phosphorus 
Platinum 
Plutonium 
Polonium 


Potassium 
Praseodymium 
Promethium 
Protactinium 
Radium 


Radon 
Rhenium 
Rhodium 
Rubidium 
Ruthenium 


Samarium 
Scandium 
Selenium 
Silicon 
Silver 


Sodium 
Strontium 
Sulfur 
Tantalum 
Technetium 


Tellurium 
Terbium 
Thallium 


symbol 


atomic 
number 


atomic 
weight 


28.09 
107.880 


22.997 
87.63 
32.06 

180.88 
98 


127.61 
159.2 
204.39 


* From “Handbook of Chemistry and Physics,” 34th edition, Chemical Rubber Publishing Com- 


pany; Cleveland, Ohio. 
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Atomic weights continued 

SETAE PS ET 

element symbol ene cach element 
Thorium Th 90 ZSZNZ Vanadium 
Thulium Tm 69 169.4 Xenon 
Tin Sn 50 118.70 Ytterbium 
Titanium Ti 22 47.90 Yttrium 
Tungsten W 74 183.92 Zinc 
Uranium U 92 238.07 Zirconium 
Electromotive force 

Series of the elements 

element volts ion | element 
Lithium 2.9595 Lit Tin 
Rubidium 2.9259 Rbt Lead 
Potassium 2.9241 Kt lron 
Strontium 2.92 Sis Hydrogen 
Barium 2.90 Batt Antimony 
Calcium 2.87 Gar Bismuth 
Sodium 2.7146 Nat Arsenic 
Magnesium 2.40 Mgt* Copper 
Aluminum 1.70 Aree Oxygen 
Beryllium 1.69 Bett Polonium 
Uranium 1.40 itt Copper 
Manganese 1.10 Mnt+ lodine 
Tellurium 0.827 Te Tellurium 
Zinc 0.7618 Zntt Silver 
Chromium 0.557 Crt Mercury 
Sulphur 0.51 a Lead 
Gallium 0.50 Gatt+ Palladium 
lron 0.441 Fett Platinum 
Cadmium 0.401 Cdtt Bromine 
Indium 0.336 Int t+ Chlorine 
Thallium 0.330 HH be Gold 
Cobalt 0.278 Cott Gold 
Nickel 0.231 Nitt Fluorine 


Position of metals in the galvanic series 


Corroded end (anodic, 
or least noble) 
Magnesium 

Magnesium alloys 


Zinc 

Aluminum 2S 
Cadmium 
Aluminum 17ST 


Steel or Iron 
Cast Iron 


Chromium-iron (active) 
Ni-Resist 


18-8 Stainless (active) 
18—8-—3 Stainless (active) 


Lead-tin solders 


Lead 
Tin 


Nickel (active) 


Inconel (active) 


Brasses 
Copper 
Bronzes 


Copper-nickel alloys 


Monel 


symbol atomic atomic 
number weight 
V 23 50.95 
Xe 54 131.3 
Yb 70 173.04 
ve oF 88.92 
Zn 30 65.38 
Zr 40 91.22 
volts ion 
0.136 Sntt 
0.122 Phtt 
0.045 Fettt 
0.000 Ht 
—0.10 Sbttt 
— 0.226 Bit 
—0.30 Astt+ 
— 0.344 Cutt 
— 0.397 oa 
— 0.40 Pott? 
— 0.470 Cut 
— 0.5345 |~ 
— 0.558 Teta 
— 0.7978 Agt 
— 0.7986 Hgtt 
— 0.80 Pht 
— 0.820 Patt 
— 0.863 Pt 
— 1.0648 Bia 
— 1.3583 Cia 
— 1.360 Aut t+ 
— 1.50 Aut 
— 1.90 me 


Silver solder 


Nickel (passive) 
Inconel (passive) 


Chromium-iron (passive) 


18-8 Stainless (passive) 


18—8-—3 Stainless (passive) 


Silver 
Graphite 
Gold 


Platinum 


Protected end (cathodic, 


or most noble) 


Note: Groups of metals indicate they are closely similar in properties. 
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Electromotive force continued 


Periodic chart of work functions* 


grown 
period I | Il Hl | Vil Vint 
A | B A |B A | B A - B A , B A st B A |B 
Li Be B (% 
2 2.39 3.37 4.5 4.39 
3 Na Mg Al Si FE S 
22e 3.46 3.74 4.] — 
4 K Ca Sc Ti V Cr Mn Fe Co | Ni 
21S 2.76 — 4.09 4.1] 4.5] 3.95 4.36 | 4.18 | 4.84 
Cu Zn Ga Ge As Se 
4.47 3.74 3.96 4,56 Sahl 4.72 
5 Rb Sr Y. Zr Cb Mo Tc Ru Rh Pd 
Pel Fo Pho — 3.84 3.99 4,27 —_ 4.52 | 4.65 | 4.82 
A Cd In Sn Sb Te 
4,28 Se _ 4.1] 4.08 4.73 
6 Cs Ba la Hf Ta W Re Os | lr Pt 
1.89 2.29 3.3 B53 4.12 4.50 §.1 4.55 | 4.57 | 5.29 
Au Hg Tl Pb Bi Po 
4.58 4.52 3.76 4.02 4,28 —* 
7 Fa Ra Ac Th Pa U 
— — _ 3.4] — 3.74 
Rare Ce | Pr Nd | Sm 
earns |) 27 5) 27 | 3.3 13.2 


* Mean of published data, 1924—1949. From, H. B. Michaelson, ‘Work Functions of the Elements,” 
Journal of Applied Physics, vol. 21, pp. 536-540; June, 1950. 


Temperature—emf characteristics of thermocouples* 


100 
JRA RS eRe SE eee 
90 
» SARE Be ee ee 
Hatt Eee 
ce 


emf in millivolts 


LEAN GS a 
\e\ 
IEEE 


HWM NN 


pert tr rt on LE: 


200 400 600 800 1000 1200 1400 1600 1800 2000 
degrees centigrade 


pa 
~ 
ACESS 


* From R. L. Weber, “Temperature Measurement and Control,” 
Blakiston Co., Philadelphia, Pennsylvania; 1941: see pp. 68-71. 


1000 1400 
deg C 
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Physical constants of various metals and alloys 


avg coeff 
relative femp specific | coeff of | thermal | melting 
material resist- coeff of gravity | thermal | expan point 

ance* resistivity cond (X10-*) a, 
Advance (55 Cu, 45 Ni) see | Constantan 
Aluminum 1.64 0.0039 2.70 2.03 28.7 660 
Antimony 24.21 0.0036 6.7 0.187 10.9 630 
Arsenic 1933 0.0042 Sov £2) = 3.86 sublimes. 
Bismuth 69.8 0.004 9.8 0.0755 13.4 2, 
Brass (66 Cu, 34 Zn) 3.9 0.002 8.47 1.2 20.2 920 
Cadmium 4.4 0.0038 8.64 0.92 31.6 32] 
Carbon, gas 2900 — 0.0005 —_— — — 3500 
Chromax (15 Cr, 35 Ni, 

balance Fe) §8.0 0.00031 795 0.130 — 1380 
Cobalt 5.6 0.0033 8.9 _— 12.4 1495 
Columbium see | Niobium 
Constantan (55 Cu, 45 Ni) 28.45 +0.0002 8.9 0.218 14.8 1210 
Copper—annealed 1.00* 0.00393 8.89 3.88 16.1 1083 

hard drawn 1.03 0.00382 8.94 — — 1083 
Duralumin 3.34 0.002 a 1.603 — 500-637 
Eureka (55 Cu, 45 Ni) see | Constantan 
Gallium 56.8 — 5.903-6.093} 0.07-0.09 18.0 29.78 
German silver Kom 0.00027 8.7 0.32 18.4 1110 
Germanium = 65.0 — (oie be — — 958.5 
Gold 1.416 0.0034 I boss ¥ 0.296 14.3 1063 
Ideal (55 Cu, 45 Ni) see | Constantan 
Indium 9.0 0.00498 7.30 0.057 33.0 156.4 
Iron, pure 5.6 0.0052—0.0062 7.86 0.67 12: Pit ye 1535 
Kovar A (29 Ni, 17 Co, 

0.3 Mn, balance Fe) 28.4 — 8.2 0.193 6.2 1450 
lead 1276 0.0039 11.34 0.344 29.4 i He 
Magnesium 2.67 0.004 1.74 1.58 29.8 651 
Manganin (84 Cu, 12 Mn, 

4 Ni) 26 +0.00002 8.5 0.63 — 910 
Mercury $5.6 0.00089 13.55 0.063 — — 38.87 
Molybdenum, drawn 3.3 0.0045 10.2 1.46 6.0 2630 
Monel metal (67 Ni, 30 

Cu, 1.4 Fe, 1 Mn) 27.8 0.002 8.8 0.25 16.3 {1300-1350 
Nichrome | (65 Ni, 12 

Cr, 23 Fe) 65.0 0.00017 8.25 0.132 — 1350 
Nickel §.05 0.0047 8.9 0.6 15.5 1455 
Nickel silver (64 Cu, 18 

Zn, 18 Ni) 16.0 0.00026 8.72 0.33 — 1110 
Niobium 132 0.00395 8.55 — rae 2500 
Palladium 6.2 0.0033 12.0 0.7 11.0 1549 
Phosphor-bronze (4 Sn, 

0.5 P, balance Cu) §.45 0.003 8.9 0.82 16.8 1050 
Platinum 6.16 0.003 21.4 0.695 9.0 1774 
Silicon ai — 2.4 0.020 4.68 — 1420 
Silver | 0.95 0.0038 10.5 4.19 18.8 960.5 
Steel, manganese (13Mn, 

1 C, 86 Fe) 41.1 — 7.81 0.113 — 1510 
Steel, SAE 1045 (0.4-0.5 . 

C, balance Fe) 1 oes) WaT _— 7.8 0.59 15.0 1480 
Steel, 18-8 stainless (0.1 C, 

18 Cr, 8 Ni, balance Fe) 52.8 — Tips 0.163 19.1 1410 


* Resistivity of copper = 1.7241 & 107® ohm-centimeters. 
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Physical constants of various metals and alloys continued 
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avg coeff 
relative femp specific | coeff of | thermal | melting 
material resist- coeff of gravity | thermal | expan point 
ance* resistivity cond (X107*) he 
Tantalum 9.0 0.003 16.6 0.545 6.6 2900 
Thorium 18.6 0.0021 11.2 — [2.3 1845 
Tin 6.7 0.0042 7.3 0.64 26.9 231.9 
Titanium 47.8 = 4.5 0.41 8.5 1800 
Tophet A (80 Ni, 20 Cr) 62.5 0.00014 8.4 0.136 or 1400 
Tungsten 3.25 0.0045 19.3 1.6 4.6 3370 
Uranium 32—40 0.0021 18.7 1.5 —_ = 1150 
Zinc 3.4 0.0037 7.14 1.12 26.3 419 
Zirconium 2.38 0.0044 6.4 — 5.0 1900 


Relative resistance: The table of relative resistances gives the ratio of the 
resistance of any material to the resistance of a piece of annealed copper 
of identical physical dimensions and temperature. The resistance of any 
substance of uniform cross-section is proportional to the length and inversely 
proportional to the cross-sectional area. 


R = pL/A 


where 


p = resistivity, the proportionality constant 
L = length 

A = cross-sectional area 

R = resistance in ohms 


lf Land A are measured in centimeters, p is in ohm-centimeters. If L is measured 
in feet, and A in circular mils, p is in ohm-circular-mils/foot. 


Relative resistance = p divided by the resistivity of copper (1.7241 * 107° 
ohm-centimeters) 


Temperature coefficient of resistivity gives the ratio of the change in re- 
sistivity due to a change in temperature of 1 degree centigrade relative to 
the resistivity at 20 degrees centigrade. The dimensions of this quantity are 
ohms/degree centigrade/ohm, or 1/degree centigrade. 


The resistance at any temperature is 


R = Reo [1 + aao (T — 20)] 


where 
Reo = resistance in ohms at 20 degrees centigrade 
T = temperature in degrees centigrade 


G29 = temperature coefficient of resistivity/degree centigrade at 20 de- 
grees centigrade 
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Physical constants of various metals and alloys continued 
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Specific gravity of a substance is defined as the ratio of the weight of a 
given volume of the substance to the weight of an equal volume of water. 
In the cgs system, the specific gravity of a substance is exactly equal to the 
weight in grams of one cubic centimeter of the substance. 


Coefficient of thermal conductivity is defined as the time rate of heat trans- 
fer through unit thickness, across unit area, for a unit difference in tempera- 
ture. Expressing rate of heat transfer in watts, the coefficient of thermal 
conductivity 


Ke= WL/AAT 
where 
W = watts 


L = thickness in centimeters 
A = area in centimeters? 
AT = temperature difference in degrees centigrade 


Coefficient of thermal expansion: The coefficient of linear thermal expansion 
is the ratio of the change in length per degree to the length at 0° C. It is 
usually given as an average value over a range of temperatures and is 
then called the average coefficient of thermal expansion. 


Temperature charts of metals 


On the following two pages are given centigrade and fahrenheit tempera- 
tures relating to the processing of metals and alloys. 


Soldering, brazing, and welding: This chart has been prepared to provide, 
in a convenient form, the melting points and components of various common 
soldering and brazing alloys. The temperature limits of various joining 
processes are indicated with the type and composition of the flux best suited 
for the process. The chart is a compilation of present good practice and 
does not indicate that the processes and materials cannot be used in other 
ways under special conditions. 


Melting points: The melting-point chart is a thermometer-type graph upon 
which are placed the melting points of metals, alloys, and ceramics most com- 
monly used in electron tubes and other components in the electronics industry. 
Pure metals are shown opposite their respective melting points on the right 
side of the thermometer. Ceramic materials and metal alloys are similarly 
shown on the left. The melting temperature shown for ceramic bodies is that 
temperature above which no crystalline phase normally exists. No attempt 
has been made to indicate their progressive softening characteristic. 
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Temperature charts of metals continued 
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Seldering, brazing, and welding processes* 


alloys for soldering and brazing 


temp operation flux temp components remarks name 
v V v Vv 
“Ee C 
2400 
2200 
2000 
°¢ Ye 
1800 1800-982 
dry borax 
brazing 
1600 eoOPseT! pH weusseicny spelter 
| brazing 
allo 
50 Ag, 34 Cu, general y 
i6 Zn _—i|_purpose 
hard solder n = silver solder 
i | s00L Toa pny ict 
i5Ag 50 Cu,5 Pb y 2 SULEo Seem 
silver solder | | 13004704 [288 cu,S re Sil Fos i 
ich 754635 = ii a] Easvane 
LIS Cd,16 Zn iron, stain ~ 
4 HOOFS95 less steel, 
brass, 
{000 | copper, etc. 
intermediate 
800-4 solder # sao interne 
; Ag,5 Cul soider 
paste (17801399 toon 
30 
4 | | oetroictum, 
600-4 \| IONH, Ci | | 
(b) 545085 |30.S0,70.Pb | f 
| a O cs) ) /a6at+ea0 50 $n, SOPb half_and half 
400+ 40Zn Clo 63Sn,37Pb ||] freezes | eg pata 
20NK,Cl, | 3614183 32 + and melts 
40 H,0 ai some 
(d) , temp. 
rosin 
200 J ole Wood's metal 


SO Bi I3.Gd 
25Pbi2Sn 


100 


* By R. C. Hitchcock, Research Laboratories, Westinghouse Electric Corp., East Pittsburgh, Pa. 
Reprinted by permission from Product Engineering, vol. 18, p. 171; October, 1947. 
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continued 


Melting points of metals, alloys, and ceramics* 


alloys temperature | 
ceramics °F °C metals 
v Won ey v 
7,000 4,000 
Thoria (Th O02) ! ——————— Graphite 
| ae Da) Pes ewe, FY 
3,000 g 
1 ’ 2 ee ae | PN 
Calcia (Ca 0) ee ae i ee Y Aa 
Beryllia (Be Oe cr are 5 eye ee ee enum 
Strontia Sr O ee we 2,000 Niobium 
Alumina Al, 03 3,500 
Baria ee ey ih 1,900 Zirconium 
Thorium 
Oasis |,800 ——————______—Titanium 
3,200 i PiGtinum 
Quartz $,07 SH 00 1,700 
3,000 
2,900 1,600 Chromium 
2.800 —_—_-—— Palladium 
; el IKON 
1,500 
Duraloy 18-8 2,700 ee nickel 
ee ee fee . KA GOO iyi 
ee ails 1400... “Silicon 
Nichrome IV Ss ees nel a Teo ’ 
Peemiieesiie ch ()0d:8 a, E000 Beryllium 
ee 82,400 F-41500 
2,300 
Nickel Coinage, Pre-War U.S.A: 2,200 1,200 
Platinum Solder 2.100 Uizhnium 
2,000 Oe te a en ae 
=) Sin SSeS ee 
Ausv9, Cu a feeb | bie Gold 
1,000 
Brass Cu 85, 15Zn 1,800 ’ alia, 
| : 
Au 80, Cu 20 1,700 900 Germanium 
Beer Barium 
BT 1,500 300 = Calcium 
1 400 Strontium 
9 
1,300 700 
S$ Aluminum 
Bae e200 Serge Car a iter stinn 
Easy-Flo ; os ee ee nee EA 600 
’ 
Gold 80, Indium 20 1000 
? 
900 500 
Sn 60, Ag 40 
800 : 
Mercury (boils) 
600 a ele! 
30-70 Soft Solder << 300 
50-50 Soft Solder Tin 
400 200 
a BA es a es EE 
63-37 Soft Solder 300 a 
200 100 
100 - Gallium 


* By K. H. McPhee. Reprinted by permission from Electronics, vol. 21, p. 118; December, 1948. 
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Wire tables* 


Solid copper—comparison of gauges 


Amer- | Birming-| British ___ diameter ih Se ecb td EE, Os weight 
ican ham sfand- 
(B & S) (Stubs’) ard ili ee square per per 
ie iron (NBS) mils mints i pe ar milli- fiche. 1000 feet | kilometer 
gauge wire wire meters mits meters he in in 
gauge | gauge pounds | kilograms 
a ee aera ee ee ee ON ed Si 
- 0 - 340.0 8.636 115600 58.58 0.09079 350 $21 
0 - - 324.9 8.251 105500 53.48 0.08289 319 475 
~ ~ 0 324.0 8.230 105000 53.19 0.08245 318 472 
- 1 1 300.0 7.620 90000 45.60 0.07069 273 405 
1 - - 289.3 7.348 83690 42.41 0.06573 253 S77 
- 2 - 284.0 7.214 80660 40.87 0.06335 244 363 
- - = 283.0 7.188 80090 40.58 0.06290 242 361 
- - 2 276.0 7.010 76180 38.60 0.05963 231 343 
- 3 - 259.0 6.579 67080 33.99 0.05269 203 302 
2 - ~ 257.6 6.544 66370 33.63 0.05213 201 299 
- ~ 3 252.0 6.401 63500 32.18 0.04988 193 286 
~ 4 - 238.0 6.045 56640 28.70 0.04449 173 255 
~ 4 232.0 5.893 53820 27.27 0.04227 163 242 
3 - - 229.4 §.827 52630 26.67 0.04134 159 237 
- § - 220.0 5.588 48400 24.52 0.03801 147 217 
- - § 212.0 §.385 44940 22.77 0.03530 136 202 
4 - - 204.3 5.189 41740 21.18 0.03278 126 188 
- 6 - 203.0 5.156 41210 20.88 0.03237 125 186 
~ - 6 192.0 4.877 36860 18.68 0.02895 112 166 
5 - ~ 181.9 4.621 33100 16.77 0.02600 100 149 
~ 7 - 180.0 4,572 32400 16.42 0.02545 98.0 146 
- ~ 7 176.0 4.470 30980 15.70 0.02433 93.6 139 
- 8 - 165.0 4.191 27220 13.86 0.02138 86.2 123 
6 - = 162.0 4.116 26250 13.30 0.02062 79.5 118 
~ - 8 160.0 4.064 25600 12.97 0.02011 77.5 115 
~ 9 ~ 148.0 3.759 21900 11.10 0.01720 66.3 98.6 
7 - - 144.3 3.665 20820 10.55 0.01635 63.0 93.7 
~ - 9 144.0 3.658 20740 10.51 0.01629 62.8 93.4 
~ 10 = 134.0 3.404 17960 9.098 0.01410 $4.3 80.8 
8 - - 128.8 3.264 16510 8.366 0.01297 §0.0 74,4 
~ - 10 128.0 3.251 16380 8.302 0.01267 49.6 73.8 
- 1 = 120.0 3.048 14400 7.297 0.01131 43.6 64.8 
- - 11 116.0 2.946 13460 6.818 0.01057 40.8 60.5 
S - - 114.4 2.906 13090 6.634 0.01028 39.6 $8.9 
- 12 - 109.0 2.769 11880 6.020 0.009331 35.9 §3.5 
- ~ 12 104.0 2.642 10820 5.481 0.008495 32.7 48.7 
10 - ~ 101.9 2.588 10380 §.261 0.008155 31.4 46.8 
13 = 95.00 2.413 9025 4.573 0.007088 Paks 40.6 
- - 13 92.00 2.337 8464 4,289 0.006648 25.6 38.1 
1 ~ - 90.74 2.305 8234 4.172 0.006467 24.9 SY 
- 14 - 83.00 2.108 6889 3.491 0.005411 20.8 31.0 
12 - - 80.81 2.053 6530 3.309 0.005129 19.8 29.4 
- - 14 80.00 2.032 6400 3.243 0.005027 19.4 28.8 
- 15 15 72.00 1,829 §184 2.627 0.004072 16.1 23.4 
13 - - 71.96 1.828 5178 2.624 0.004067 15.7 23.3 
- 16 - 65.00 1.651 4225 2.141 0.003318 12.8 19.0 
14 - - 64.08 1.628 4107 2.081 0.003225 12.4 18.5 
- - 16 64.00 1.626 4096 2.075 0.003217 123 18.4 
- 17 a 58.00 1.473 3364 1.705 0.002642 10.2 15.1 
15 - - 57.07 1.450 3257 1.650 0.002558 9.86 14.7 
- - 17 56.00 1.422 3136 1.589 0.002463 9.52 14.1 
16 - - 50.82 1.291 2583 1.309 0.002028 7.82 11.6 
- 18 - 49.00 1.245 2401 1.217 0.001886 7.27 10.8 
- = 18 48.00 1.219 2304 1.167 0.001810 6.98 10.4 
17 - - 45.26 1.150 2048 1.038 0.001609 6.20 9.23 
- 19 - 42.00 1.067 1764 0.8938 0.001385 5.34 7.94 
18 - - 40.30 1.024 1624 0.8231 0.001276 4,92 7.32 
- - 19 40.00 1.016 1600 0.8107 0.001257 4.84 7.21 
= - 20 36.00 0.9144 1296 0.6567 0.001018 3.93 5.84 
19 - - 35.89 0.9116 1288 0.6527 |- 0.001012 3.90 5.80 
- 20 - 35.00 0.8890 1225 0.6207 0.0009621 3.71 5.52 
- 21 21 32.00 0.8128 1024 0.5189 0.0008042 3.11 4.62 
20 - - 31.96 0.8118 1022 0.5176 0.0008023 3.09 4.60 


* For information on insulated wire for inductor windings, see pp. 114 and 278. 
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Wire tables continued 


Annealed copper (AWG) 


AWG | diam- cross section ohms per ft 


1000 ft Ibs per per ohm! ohms per Ib 


B&S | eterin ° ff per Ib}.| at 20° C at 20° C 
EET AT TIER tra Wi eesti ie Ae a Rika (68° F) (68° F) 
| er SS RRS I SI VE PE EA RE RSE TAS RE ES AS ARE ESSA SERENA Nm nn SS ES a a a SR REE SFR RA 
0000 | 460.0 | 211,600 | 0.1662 0.04901 | 640.5 1.561 | 20,400 0.00007652 
000 | 409.6 | 167,800 | 0.1318 0.06180 | 507.9 1.968 | 16,180 0.001217 
00 | 364.8 | 133,100 | 0.1048 0.07793 | 402.8 2.482 | 12/830 0.000195 
0 | 324.9 | 105,500 | 0.08289 0.09827 | 319. 3.130 | 10,180 0.0003076 
1 | 289.3 | 83,690 — | 0.06573 0.1239 | 253.3 3.947 | 8,070 0.0004891 
2| 257.6 | 66370 | 0.05213 0.1583 | 200.9 4.97 | 6,400 0.000778 
3 | 229.4 | 52,640 | 0.04134 0.1970 | 159.3 6.276 | 5,075 0.001237 
4 | 2043 | 41,740 | 0.03278 0.2485 | 126.4 7.914 | 4,025 0.001966 
5 | 181.9 | 33,100 | 0.02600 0.3133 | 100.2 9.980 | 3,192 0.003127 
6 | 1620 | 26,250 | 0.02062 0.3951 | 79.46 12.58 | 2,531 0.004972 
7 | 1443 | 20,820 | 0.01635 0.4982 | 63.02 1587 | 2,007 0.007905 
8 | 1285 | 16,510 | 0.01297 0.6282 | 49.98 20.01 | 1,592 0.01257 
9 | 1144 | 13,090 — | 0.01028 0.7921 | 39.63 25.23 | 1,262 0.01999 
10 | 101.9 | 10,380 | 0.008155 0.9989 | 31.43 31.82 | 1,001 0.03178 
11 | 90:74 | 8234 — | 0.006467 1.260 | 24.92 40.12 | ‘794 0.05053 
12 | 8081 | 6530 | 0.005129 1.588 | 19.77 50.59 | 629.6 0.08035 
13. | 71:96 | 5,178 | 0.004067 2.003 | 15.68 63.80 | 499.3 0.1278 
14 | 64.08 | 4,107 — | 0.003225 2.525 | 12.43 80.44 | 396.0 0.2032 
15. | 57.07 | 3,257 | 0.002558 3.184 | 9858 | 1014 | 3140 0.3230 
16 | 5082 | 2583 — | 0.002028 401 | 7818 | 1279 | 249.0 0.5136 
17 | 4526 | 2048 — | 0.001609 5.064 | 6200 | 161.3 | 197.5 0.8167 
18. | 4030 | 1,624 — ‘| 0.00127 6385 | 4917 | 2034 | 156.6 1.299 
19 | 3589 | 1,288 — | 0.001012 gos} | 3899 | 2565 | 124.2 2.065 
20 | 31.96 | 1022 | 0.0008023 | 1015 | 3092 | 3234 98.50 | 3.283 
21 | 28.46 | 810.1 | 0.0006363 | 1280 | 2452 | 407.8 78.11 | 5.221 
22 | 2535 | 6424 | 0.000504 | 1614 1945 | 514.2 61.95 | 8.301 
23 | 22.57 509.5 | 0,0004002 | 20.36 1542 | 648.4 49.13 | 13.20 
24 | 20.10 | 404.0 |0.0003173 | 2547 1.223 | 8177 38.96 20.99 
25 | 1790 | 3204 |0.0002517 | 3237 | 0.9699 | 1,031.0 30.90 33,37 
2 | 1594 | 254.1 | 0.000199 | 40.81 0.7692 | 1/300 24,50 53,06 
a7 | 1420 | 201.5 | 0.0001583 | 5147 | 0.6100 | 1,639 19.43 84.37 
28 | 12.64 159.8 | 0.0001255 | 64.90 | 0.4837 | 2,067 1541 | 134.2 
29 | 11.26 1267 | 0.00009953 | 81.83 | 0.3836 | 2,607 1222 | 2133 
30 | 10.03 100.5 | 0.00007894 | 103.2 0.3042 | 3,287 9.691 | 339.2 
31 | 8928 | 79.70 | 0.00006260 | 130.1 0.2413 | 4,145 7.685 | 539.3 
32 | 7.950 | 63.21 | 0.00004%64 | 164.1 0.1913 | 5,227 6.095 | 857.6 
33 | 7.080} 50.13 | 0.00003937 | 206.9 0.1517 | 6,591 4,833 1,364 
34 | 6305 | 39.75 | 0.00003122 | 260.9 0.1203 | 8,310 3.833 2,168 
35 | 5615 | 31.52 | 0.00002476 | 329.0 0.09542 | 10,480 3,040 3,448 
36 | 5.000 | 25.00 | 0.00001964 | 414.8 0.07568 | 13,210 2.411 5,482 
37 | 4.453 1983 | 0.00001557 | 523.1 0.06001 | 16,660 1.912 8,717 
38 | 3.965 172 | 0.00001235 | 659.6 0.04789 | 21,010 1.516 13,860 
39 | 3.531 12.47_| 0.900009793 | 831.8 0.03774 | 26,500 1.202 22,040 
40 | 3.145 9.888 | 0.000007766 | 1049.0 0.02993 | 33,410 0.9534 35,040 


Temperature coefficient of resistance: The resistance of a conductor at temperature ft in de- 
grees centigrade is given by 

R = Ro [1+ ao (T — 20)] 

where Rao is the resistance at 20 degrees centigrade and azo is the temperature coefficient of 
resistance at 20 degrees centigrade. For copper, a2 = 0.00393. That is, the resistance of a 
copper conductor increases approximately 4/10 of 1 percent per degree centigrade rise in 
temperature. 
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Wire tables continued 


Hard-drawn copper (AWG)* 


weight SLE eas cross-sectional 
AWG wire breaking sean dioe resistance ee 
B&S | diameter load in Ae) (ohms per 
e | in inches ounds a pends pounds 1000 feet 
gavug ; P Ibs /in? per per at 68° F) circular square 
1000 feet mile mils inches 
4/0 0.4600 8143 49,000 640.5 3382 0.05045 211,600 0.1662 
3/0 0.4096 6722 §1,000 507.9 2682 0.06361 167,800 0.1318 
2/0 0.3648 §519 §2,800 402.8 2127 0.08021 133,100 0.1045 
1/0 0.3249 4517 54,500 SIS 1687 0.1011 105,500 0.08289 
1 0.2893 3688 56,100 25o3 1338 0.1287 83,690 0.06573 
2 0.2576 3003 57,600 200.9 1061 0.1625 66,370 0.05213 
3 0.2294 2439 59,000 ISS} 841.2 0.2049 $2,630 0.04134 
4 0.2043 1970 60,100 126.4 667.1 0.2584 41,740 0.03278 
$ 0.1819 1591 61,200 100.2 $29.1 0.3258 33,100 0.02600 
- 0.1650 1326 62,000 82.41 435.1 0.3961 PY PIIS 0.02138 
6 0.1620 1280 62,100 79.46 419.6 0.4108 26,250 0.02062 
7 0.1443 1030 63,000 63.02 332.7, 0.5181 20,820 0.01635 
- 0.1340 894.0 63,400 $4.35 287.0 0.6006 17,956 0.01410 
8 0.1285 826.0 63,700 49.97 263.9 0.6533 16,510 0.01297 
9 0.1144 661.2 64,300 39.63 209.3 0.8238 13,090 0.01028 
- 0.1040 550.4 64,800 32.74 172.9 0.9971 10,816 0.008495 
10 0.1019 S292 64,900 31.43 165.9 1.039 10,380 0.008155 
1 0.09074 422.9 65,400 24.92 131.6 1.310 8,234 0.006467 
12 0.08081 337.0 65,700 19.77 104.4 1.652 6,530 0.005129 
13 0.07196 268.0 65,900 15.68 82.77 2.083 S178 0.004067 
14 0.06408 PAKS ys 66,200 12.43 65.64 2.626 4,107 0.003225 
15 0.05707 169.8 66,400 9.858 §2.05 3.312 3207 0.002558 
16 0.05082 (SEs) 66,600 7.818 4).28 4.176 2,583 0.002028 
17 0.04526 107.5 66,800 6.200 32.74 5.266 2,048 0.001609 
18 0.04030 85.47 67,000 4.917 25.96 6.640 1,624 0.001276 


*Courtesy of Copperweld Steel Co., Glassport, Pa. Based on ASA Specification H-4.2 and 
ASTM Specification B-1. 


Modulus of elasticity is 17,000,000 Ibs/inch2. Coefficient of linear expansion is 0.0000094/degree Fahrenheit. 
ine are based on a density of 8.89 grams/cm3 at 20 degrees centigrade (equivalent to 0.00302699 Ibs/circular 
mil/1000 feet). 

The resistances are maximum values for hard-drawn copper and are based ona resistivity of 10.674 ohms/circular-mil 
foot at 20 degrees centigrade (97.16 percent conductivity) for sizes 0.325 inch and larger, and 10.785 ohms/circular- 
mil foot at 20 degrees centigrade (96.16 percent conductivity) for sizes 0.324 inch and smaller. 


Tensile strength of copper wire (AWG)* 


hard drawn ~ medium-hard drawn soft or annealed 
wire minimum breaking minimum breaking maximum breaking 
AWG diameter tensile load tensile load tensile load 
B&S in strength in strength in strength in 
gauge inches ibs /in? pounds Ibs /in2 | pounds Ibs /in? pounds 
1 0.2893 56,100 3688 46,000 3024 37,000 2432 
Z 0.2576 §7,600 3003 47,000 2450 37,000 1929 
3 0.2294 §9,000 2439 48,000 1984 37,000 1530 
4 0.2043 60,100 1970 48,330 1584 37,000 1213 
§ 0.1819 61,200 1591 48,660 1265 37,000 961.9 
= 0.1650 62,000 1326 = — — _— 
6 0.1620 62,100 1280 49,000 1010 37,000 762.9 
7 0.1443 63,000 1030 49,330 806.6 37,000 605.0 
= 0.1340 63,400 894.0 — — — — 
8 0.1285 63,700 826.0 49,660 643.9 37,000 479.8 
9 0.1144 64,300 661.2 50,000 514.2 37,000 380.5 
- 0.1040 _ 64,800 §50.4 = — _— _ 
10 0.1019 64,900 529.2 50,330 410.4 38,500 314.0 
1 0.09074 65,400 422.9 50,660 327.6 38,500 249.0 
12 0.08081 65,700 337.0 §1,000 261.6 38,500 197.5 


*Courtesy of Copperweld Steel Co., Glassport, Pa. 
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Wire tables continued 


Voltage drop in long circuits 


The table below shows the conductor size (AWG or B&S gauge) necessary to 
limit the voltage drop to 2-percent maximum for various loads and distances. 
The calculations are for alternating-current circuits in conduit. 


cur distance in feet 
rent 
in 
am- | 25 | 50 | 75 100 150 | 200 
peres 
single-phase—1 10 volts 
1 —}|—to— ft — | — | — 14] 12{ 10 
1S—f—}—}]—]— 14a PRL 4 Zee OM nt 0 
2 —}jo—lr—fl— 14; 12] 10/} 10 8 
Ss — | — 14 4ST 2c elo 8 8 6 
4 —|— 145 eee) 10 eel 8 6 6 
§ —_ 14; 12} 12} 10 8 6 6 4 
6 — 147 125s 8 8 6 4 4 
7 — 14.|- 12,|,. 10 8 8 6 4 2 
8 — ead a He) 8 6 4 2 2 
9 — 27 lO 8 8 6 4 2 2 
10 Tae 2a © 8 6 6 4 2 2 
12 14; 10 8 8 6 4 2 1 ] 
14 14; 10 8 8 6 4 Pi 0 0 
16 12519710 8 6 4 4 2 0} 00 
18 12 8 8 6 4 2 1 00}; 00 
20 12 8 6 6 4 2 1} 00] 000 
25 10 8 6 4 2 2 0 | 000 }0000 
30 10 6 4 4 2 1} oOo; — | — 
35 10 6 4 2 2 0 | 000 — 
40 8 6 4 2 1} 00 j0000; — | — 
45 8 4 4 2 0; 0; —/]—/] — 
50 8 4 2, 2 0}; 000; —;}—]}] — 
60 6 4 2 1} 000000; — | — | — 
70 6 2 2 0/000; — |; — | — |] — 
80 6 2 1} 00 {0000} — | — | — | — 
90 4 2 0}; 00; —}—j;—]—]— 
100 4 2 0; 000; — | —}—}]— |] — 
120 4 1} 00j0000; — | —|—j|]—] — 


1 Beets VW EN deed al et a Pea oi gated iNet ah ae pa 
1S5p—}—}—}—fJ—}—]{] — 14| 14 
2 — | — |] 14) 14} 12 
3 | VEE PE he zat eh @ 
4 —-}|—-—l|o-j]y— 14} 14;} 12] 10] 10 
5 a ee | es cee 14; 12] 10) 10 8 
oe — sp — |e 1429) S12 ea 8 8 
7 — | — 14; 14} 12] 10 8 8 6 
8 == bs 144; 14] 12] 10 8 6 6 
9 == |) = 14s 2) ON tO 8 6 6 
10 et 14} 12} 10} 10 8 6 6 
12 = 1428 SAL ZA At 8 6 6 4 
14 _— 14) e280 8 8 6 4 4 
16 == 14) 12} 10 8 8 6 4 2 
18 — 120) Os 10 8 6 4 4 2 
20 = 12] 10} 10 8 6 4 2 2 
25 14} 12} 10 8 6 6 4 2 ] 
30 14} 10 8 8 6 4 2 2 0 
35 WA}; iho 8 6 4 4 2 ] 0 
40 WAZA Mo) 8 6 4 2 2 0} 00 
45 12 8 6 6 4 2 ] 0 | 000 
50 12 8 6 4 4 2 0} 00} 000 
60 10 8 6 4 2 2 0/000 | — 
70 10 6 4 4 2 1} 000000; — 
80 10 6 4 2 2 0} 000; — | — 
90 8 6 4 2 ] 0 ;0000; — | — 
100 8 6 4 7 0; 00; —|—|— 
120 8 4 2 2 0 }0000} — | — | — 


distance in feet 


200] 400] 500 25 | 50 | 75 100 | 150) 200| 200 400 | so0 


single-phase—220 volts 


— ol 
—|—| 4) 


= = 143) 312°} TOs eT 8 
= =a 14; 12] 12} 10 8 8 
— 14; 14] 12] 10 8 8 6 
cs 14) 14] 12] 10 8 8 6 
=< 14]; 12) 10} 10 8 6 6 
— 14) 14] 12] 10 8 8 6 4 
— 14S aT 2) ed 2a} ee 8 6 6 4 
—= 14) 12} 10 8 8 6 4 4 
— 14} 12] 10 8 8 6 4 2 
a WPA Keres ih, 8 6 4 4 2 
14) 12} 10 8 8 6 4 2 2 
tANPeT2c1 110 8 6 6 4 2 2 
14] 10 8 8 6 4 Z 2 ] 
12] 10 8 6 4 4 2 1 0 
12] 10 8 6 4 2 2 0} 00 
12 8 6 6 4 2 1} 00 0000 
10 8 6 4 4 2 0} 00 j0000 
10 8 6 4 2 2 0 | 000 }0000 
10 6 4 4 2 1 | 00 0000 | — 
10 6 4 2 2 0} 000; — | — 
8 6 4 2 1} 00 j0000; — |} — 
8 4 4 2 O):|) 200 ae 
8 4 2 2 01) O00 ii a 
6 4 P. Tg. *O05|0000) tat ae 


three-phase—440 volts 
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Wire tables 


continued 


Fusing currents of wires 


The current J in amperes at which a wire will melt can be calculated from: 
Desai? 


where d is the wire diameter in inches and K is a constant that depends on 
the metal concerned. The table below gives the fusing currents in amperes 
for 5 commonly used types of wire. Owing to the wide variety of factors 
that can influence the rate of heat loss, these figures must be considered as 
only approximations. 


german 
AWG diam copper aluminum silver iron tin 
B&S d in (K = (K = (K = (K = (K = 
gauge inches 10,244) 7585) 5230) 3148) 1642) 
40 0.0031 1.77 1.31 0.90 0.54 0.28 
38 0.0039 2.50 1.85 1.27 0.77 0.40 
36 0.0050 3.62 2.68 1.85 1.11 0.58 
34 0.0063 §.12 3.79 2.61 1.57 0.82 
32 0.0079 eg §.32 3.67 2.21 1.15 
30 0.0100 10.2 7.58 bs hohe 3.15 1.64 
28 0.0126 14.4 10.7 7a? 4.45 2.32 
26 0.0159 20.5 15.2 10.5 6.31 3.29 
24 0.0201 29.2 21.6 14.9 8.97 4.68 
22 0.0253 41.2 30.5 21.0 12.7 6.61 
20 0.0319 58.4 43.2 29.8 17.9 9.36 
19 0.0359 69.7 51.6 35.9 21.4 11.2 
18 0.0403 82.9 61.4 42.3 25.5 13.3 
17 0.0452 98.4 ike! 50.2 30.2 15.8 
16 0.0508 117 86.8 59.9 36.0 18.8 
15 0.0571 140 103 71.4 43.0 22.4 
14 0.0641 166 123 84.9 51.1 26.6 
13 0.0719 197 146 101 60.7 31,7 
12 0.0808 235 174 120 72.3 37.7. 
1] 0.0907 280 207 143 86.0 44.9 
10 0.1019 333 247 170 102 53.4 
9 0.1144 396 293 202 122 63.5 
8 0.1285 472 349 241 145 75.6 
7 0.1443 561 416 287 173 90.0 
6 0.1620 668 495 341 205 107 


Courtesy of Automatic Electric Company; Chicago, Ill. 
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Wire tables 


continued 


Physical properties of various wires* 


property 


Conductivity, Matthiessen's standard in percent 


Ohms/mil-foot at 68°F = 20°C 
Circular-mil-ohms/mile at 68°F = 20°C 


Pounds/mile-ohm at 68°F = 20°C 
Mean temp coefficient of resistivity /°F 
Mean temp coefficient of resistivity/°C 


Mean specific gravity 
Pounds/1000 feet/circular mil 
Weight in pounds/inch3 


Mean specific heat 
Mean melting point in °F 
Mean melting point in °C 


Mean coefficient of linear expansion/°F 
Mean coefficient of linear expansion/°C 


ennealed 


99 to 102 
10.36 
54,600 


875 
0.00233 
0.0042 


8.89 
0.003027 
0.320 


0.093 
2:012 
1,100 


0.00000950 
0.0000171 


copper 


Solid wire Ultimate tensile strength 30,000 to 42,000 
Average tensile strength ,000 
Values in ; Elastic limit 6,000 to 16,000 
pounds/in? Average elastic limit 15,000 
Modulus of elasticity 7,000,000 to 
17,000,000 
Average modulus of elasticity 12,000,000 
Concentric Tensile strength 29,000 to 37,000 
strand Average tensile strength 35,000 
Elastic limit §,800 to 14,800 
Values in ) Average elastic limit — 
pounds/in2 Modulus of elasticity §,000,C00 to 


12,000,000 


eluminum 
hard=-drawn 99 percent pure 
96 to 99 61 to 63 
10.57 16.7 
§5,700 88,200 
896 424 
0.00233 0.0022 
0.0042 0.0040 
8.94 2.68 
0.003049 0.000909 
0.322 0.0967 
0.093 0.214 
2,012 1,157 
1,100 625 
0.00000950 0.00001285 
0.0000171 0.0000231 
45,000 to 68,000 20,000 to 35,000 
60,000 24,000 
25,000 to 45,000 14,000 
0,000 14,000 
13,000,000 to 8,500,000 to 
18,000,000 11,500,000 
16,000,000 9,000,000 
43,000 to 65,000 25,800 
§4,000 _— 
23,000 to 42,000 13,800 
27,000 _— 
12,000,000 Approx 
10,000,000 


* Reprinted by permission from ‘Transmission Towers," American Bridge Company, Pittsburgh, Pa.; 1925: p. 169. 


Stranded copper (AWG)* 


individual 

Awe | nvmber| Wire 

circular B&S diam in 

mils gauge weiss inches 

211,600 4/0 19 0.1055 
167,800 3/0 19 0.0940 
133,100 2/0 19 0.0837 
105,500 1/0 19 0.0745 
83,690 1 19 0.0664 
66,370 2 7 0.0974 
52,640 3 7 0.0867 
41,740 4 7 0.0772 
33,100 5 7 0.0688 
26,250 6 7 0.0612 
20,820 7 7 0.0545 
16,510 8 7 0.0486 
13,090 9 7 0.0432 
10,380 10 7 0.0385 
6,530 12 7 0.0305 
4,107 14 Uf 0.0242 
2,583 16 7 0.0192 
1,624 18 Uf 0.0152 
1,022 20 7 0.0121 


cable 
diam 
inches 


0.528 
0.470 
0.419 


0.373 
0.332 
0.292 


0.260 
0.232 
0.206 


0.184 
0.164 
0.146 
0.130 
0.116 


0.0915 
0.0726 
0.0576 


0.0456 
0.0363 


area 
square 
inches 


0.1662 
0.1318 
0.1045 


0.08286 
0.06573 
0.05213 


0.04134 
0.03278 
0.02600 


0.02062 
0.01635 
0.01297 


0.01028 
0.008152 


0.005129 
0.003226 
0.002029 


0.001275 


0.0008027 


el 
weight weight |. rine 
Ibs per Ibs per 
: ohms/1000 ff 
1000 ft mile at 20°C 
653.3 3,450 0.05093 
$18.1 2,736 0.06422 
410.9 2,170 0.08097 
3257, 1,720 0.1022 
258.4 1,364 0.1288 
204.9 1,082 0.1624 
162.5 858.0 0.2048 
128.9 680.5 0.2582 
102.2 539.6 0.3256 
81.05 427.9 0.4105 
64.28 339.4 0.5176 
50.98 269.1 0.6528 
40.42 213.4 0.8233 
32.05 169.2 1.038 
20.16 106.5 1.650 
12.68 66.95 2.624 
TI15 42.11 4.172 
5.014 26.47 6.636 
SNS 16.66 10.54 


* The resistance vaives in this table are trade maxima for soft or annealed copper wire and are higher than the 
average values for commercial cable. The following values for the conductivity and resistivity of copper at 20 degrees 


centigrade were used: 


Conductivity in terms of International Annealed Copper Standard: 


Resistivity in pounds per mile-ohm: 


98.16 percent 


The resistance of hard-drawn copper is slightly greater than the values given, being about 2 percent to 3 percent 


greater for sizes from 4/0 to 20 AWG. 
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copper=clad 


steel crucible plow steel, 
iron (Siemens= steel, high extra=high 
(Ex BB) Martin) strength strength 30% cond 40% cond 
16.8 8.7 —_ — 29.4 39.0 
62.9 19:7 aes 125.0 ISHS) 26.6 
332,000 632,000 647,000 660,000 187,000 140,000 
4,700 8,900 9,100 9,300 2975 2.075 
0.0028 0.00278 0.00278 0.00278 0.0024 —_ 
0.0050 0.00501 0.00501 0.00501 0.0044 0.0041 
7.77 7.85 7.85 7.85 8.17 8.25 
0.002652 0.002671 —- — 0.00281 0.00281 
0.282 0.283 0.283 0.283 0.298 0.298 
0.113 0.117 — — — —_ 
2,975 2,480 —_— — — — 
1,635 1,360 —_— — — — 
0.00000673 0.00000662 — — 0.0000072 0.0000072 
0.0000120 0.0000118 — — 0.0000129 0.0000129 
50,000 to 55,000 | 70,000 to 80,000 — = — sa 
55,000 75,000 125,000 187,000 60,000 100,000 
25,000 to 30,000 | 35,000 to 50,000 — — =e — 
30,000 38,000 69,000 130,000 30,000 50,000 
22,000,000 to 22,000,000 to = — — - 
. 27,000,000 29,000,000 
26,000,000 29,000,000 30,000,000 30,000,000 19,000,000 21,000,000 
_— 74,000 to 98,000 | 85,000 to 165,000 | 140,000 to 245,000 | 70,000 to 97,000 — 
— 80, 000 125,000 180,000 } == 
_ 37,000 to 49,000 —_ —_ — = 
—_ 40, 000 70,000 110,000 == — 
—_ ] 2,000,000 15,000,000 15,000,000 = —- 


Machine screws 
OLS OT ell 52d PO EERE 


Head styles—method of length measurement 


washer. 


oe rd 


oval 


oval 
binding 


Mihh ih 


rou 


fillister 
binding 


nd 


fillister 


flat-top 
binding 


Ul Wl fir Ti 


Special 


hexagonal 


straight-side 
binding 
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PROPERTIES OF MATERIALS ig 


Drill sizes* 


drill | inches | drill | inches drill | inches drill | inches 
0.10 mm 0.003937 1.30 mm 0.051181 3.10 mm 0.122047 no 4 0.209000 
0.15 mm 0.005905 no 55 0.052000 ¥ in 0.125000 5.40 mm 0.212598 
0.20 mm 0.007874 1.35 mm 0.053149 3.20 mm 0.125984 no 3 0.213000 
0.25 mm 0.009842 no 54 0.055000 3.25 mm 0.127952 §.50 mm 0.216535 
0.30 mm 0.011811 1.40 mm 0.055118 no 30 0.128500 1% in 0.218750 
no 80 0.013000 1.45 mm 0.057086 3.30 mm 0.129921 5.60 mm 0.220472 
no 79% 0.013500 1.50 mm 0.059055 3.40 mm 0.133858 no 2 0.221000 
0.35 mm 0.013779 no 53 0.059500 no 29 0.136000 5.70 mm 0.224409 
no 79 0.014000 1.55 mm 0.061023 3.50 mm 0.137795 5.75 mm 0.226377 
no 78% 0.014500 V% in 0.062500 no 28 0.140500 no | 0.228000 
no 78 0.015000 1.60 mm 0.062992 %% in 0.140625 5.80 mm 0.228346 
VY in 0.015625 no 52 0.063500 3.60 mm 0.141732 §.90 mm 0.232283 
0.40 mm 0.015748 1.65 mm 0.064960 no 27 0.144000 ltr A 0.234000 
no 77 0.016000 1.70 mm 0.066929 3.70 mm 0.145669 134, in 0.234375 
0.45 mm 0.017716 no 5] 0.067000 no 26 0.147000 6.00 mm 0.236220 
no 76 0.018000 1.75 mm 0.068897 3.75 mm 0.147637 Itr B 0.238000 
0.50 mm 0.019685 no 50 0.070000 no 25 0.149500 6.10 mm 0.240157 
no 75 0.020000 1.80 mm 0.070866 3.80 mm 0.149606 ltr C 0.242000 
no 74% 0.021000 1.85 mm 0.072834 no 24 0.152000 6.20 mm 0.244094 
0.55 mm 0.021653 no 49 0.073000 3.90 mm 0.153543 Itr D 0.246000 
no 74 0.022000 1.90 mm 0.074803 no 23 0.154000 6.25 mm 0.246062 
no 73% 0.022500 no 48 0.076000 5 in 0.156250 6.30 mm 0.248031 
no 73 0.023000 1.95 mm 0.076771 no 22 0.157000 ltr E } 0.250000 
0.60 mm 0.023622 34, in 0.078125 4.00 mm 0.157480 YY in 3 
no 72 0.024000 no 47 0.078500 no 21 0.159000 6.40 mm 0.251968 
no71% 0.025000 2.00 mm 0.078740 no 20 0.161000 6.50 mm 0.255905 
0.65 mm 0.025590 2.05 mm 0.080708 4.10 mm 0.161417 ltr F 0.257000 
no 71 0.026000 no 46 0.081000 4.20 mm 0.165354 6.60 mm 0.259842 
no 70 0.027000 no 45 0.082000 no 19 0.166000 ltr G 0.261000 
0.70 mm 0.027559 2.10 mm 0.082677 4.25 mm 0.167322 6.70 mm 0.263779 
no 69% 0.028000 2.15 mm 0.084645 4.30 mm 0.169291 114, in 0.265625 
no 69 0.029000 no 44 0.086000 no 18 0.169500 6.75 mm 0.265747 
no 68% 0.029250 2.20 mm 0.086614 11g, in 0.171875 ltr H 0.266000 
‘0.75 mm 0.029527 2.25 mm 0.088582 no 17 0.173000 6.80 mm 0.267716 
no 68 0.030000 no 43 0.089000 4.40 mm 0.173228 6.90 mm 0.271653 
no 67 0.031000 2.30 mm 0.090551 no 16 0.177000 ltr | 0.272000 
l% in 0.031250 2.35 mm 0.092519 4.50 mm 0.177165 7.00 mm 0.275590 
0.80 mm 0.031496 no 42 0.093500 no 15 0.180000 Itr J 0.277000 
no 66 0.032000 34 in 0.093750 4.60 mm 0.181102 7.10 mm 0.279527 
no 65 0.033000 2.40 mm 0.094488 no 14 0.182000 ltr K 0.281000 
0.85 mm 0.033464 no 41 0.096000 no 13 0.185000 9% in 0.281250 
no 64 0.035000 2.45 mm 0.096456 4.70 mm 0.185039 7.20 mm 0.283464 
0.90 mm 0.035433 no 40 0.098000 4.75 mm 0.187007 7.25 mm 0.285432 
no 63 0.036000 2.50 mm 0.098425 3% in 0.187500 7.30 mm 0.287401 
no 62 0.037000 no 39 0.099500 4.80 mm 0.188976 ltr L 0.290000 
0.95 mm 0.037401 no 38 0.101500 no 12 0.189000 7.40 mm 0.291338 
no 61 0.038000 2.60 mm 0.102362 no ll 0.191000 ltr M 0.295000 
no 60% 0.039000 no 37 0.104000 4.90 mm 0.192913 7.50 mm 0.295275 
1.00 mm 0.039370 2.70 mm 0.106299 no 10 0.193500 19% in 0.296875 
no 60 0.040000 no 36 0.106500 no 9 0.196000 7.60 mm 0.299212 
no 59 0.041000 2.75 mm | 0.108267 500mm | 0.196850 | ltr N 0.302000 
1.05 mm 0.041338 & in 0.109375 no 8 0.199000 7.70 mm 0.303149 
no 58 0.042000 no 35 0.110000 5.10 mm 0.200787 7.75 mm 0.305117 
no 57 0.043000 2.80 mm 0.110236 no 7 0.201000 7.80 mm 0.307086 
1.10 mm 0.043307 no 34 0.111000 134) in 0.203125 7.90 mm 0.311023 
1.15 mm 0.045275 no 33 0.113000 no 6 0.204000 54% in 0.312500 
no 56 0.046500 2.90 mm 0.114173 §.20 mm 0.204724 8.00 mm 0.314960 
3% in 0.046875 no 32 0.116000 no § 0.205500 ltr O 0.316000 
1.20 mm 0.047244 3.00 mm 0.118110 5.25 mm 0.206692 8.10 mm 0.318897 
1.25 mm 0.049212 no 31 0.120000 5.30 mm 0.208661 8.20 mm 0.322834 


* From New Departure Handbook. 
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Drill sizes continued 


drill | inches drill | inches drill | inches drill | inches 
ltr P 0.323000 9.60 mm 0.377952 354, in 0.546875 25% in 0.781250 
8.25 mm 0.324802 9.70 mm 0.381889 14.00 mm 0.551180 20.00 mm 0.787400 
8.30 mm 0.326771 9.75 mm 0.383857 Y% in 0.562500 514, in 0.796875 
216 in 0.328125 9.80 mm 0.385826 14.50 mm 0.570865 20.50 mm 0.807085 
8.40 mm 0.339708 Itr W 0.386000 374 in 0.578125 13/, in 9.812500 
ltr Q 0.332000 9.90 mm 0.389763 15.00 mm 0.590550 21.00 mm 0.826770 
8.50 mm 0.334645 23%, in 0.390625 194 in 0.593750 534, in 0.828125 
8.60 mm 0.338582 10.00 mm 0.393700 39%, in 0.609375 21% in 0.843750 
ltr R 0.339000 ltr X 0.397000 15.50 mm 0.610235 21.50 mm 0.846455 
8.70 mm 0.342519 lie Ve 0.404000 54 in 0.625000 554 in 0.859375 
ein 0.343750 134 in 0.406250 16.00 mm 0.629920 22.00 mm 0.866140 
8.75 mm 0.344487 ltr Z 0.413000 4Ly, in 0.640625 % in 0.875000 
8.80 mm 0.346456 10.50 mm 0.413385 16.50 mm 0.649605 22.50 mm 0.885825 
ltr S 0.348000 21%, in 0.421875 2% in 0.656250 51g, in 0.890625 
8.90 mm 0.350393 11.00 mm 0.433070 17.00 mm 0.669290 23.00 mm 0.905510 
9.00 mm 0.354330 V% in 0.437500 434 in 0.671875 22% in 0.906250 
Itr T 0.358000 11.50 mm 0.452755 1Ly, in 0.687500 536) in 0.921875 
9.10 mm 0.358267 29%, in 0.453125 17.50 mm 0.688975 23.50 mm 0.925195 
23%, in 0.359375 134 in 0.468750 454 in 0.703125 13% in 0.937500 
9.20 mm 0.362204 12.00 mm 0.472440 18.00 mm 0.708660 24.00 mm 0.944880 
9.25 mm 0.364172 31% in 0.484375 234 in 0.718750 681Y) in 0.953125 
9.30 mm 0.366141 12.50 mm 0.492125 18.50 mm 0.728345 24.50 mm 0.964565 
ltr U 0.368000 VY in 0.500000 414, in 0.734375 3163 in 0.968750 
9.40 mm 0.370078 13.00 mm 0.511810 19.00 mm 0.748030 25.00 mm 0.984250 
9.50 mm 0.374015 33%, in 0.515625 34 in 0.750000 634) in 0.984375 
3% in 0.375000 11% in 0.531250 49%, in 0.765625 lin 1.000000 
ltr V 0.377000 13.50 mm 0.531495 19.50 mm 0.767715 


Sheet-metal gauges 


Systems in use 


Materials are customarily made to certain gauge systems. While materials 
can usually be had specially in any system, some usual practices are shown 
below. 


material sheet wire 
Aluminum B&S AWG (B&S) 
Brass, bronze, sheet B&S _— 
Copper B&S AWG (B&S) 
Iron, steel, band and hoop BWG — 
lron, steel, telephone and telegraph wire — BWG 
Steel wire, except telephone and telegraph — W&M 
Steel sheet US an 
Tank steel BWG — 
Zine sheet “Zinc gauge” 


proprietary = ; 
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Sheet-metal gauges 


Comparison of gauges* 


The following table gives a comparison of various sheet-metal-gauge 


systems. Thickness is expressed in decimal fractions of an inch. 


Birming- Wash. & British United American 
gauge AWG ham or Mo ee standard London or States Standard 
B&s Stubs W&M NBS old English standard preferred 
BWG SWG U thicknessT 
0000000 a — 0.490 0.500 — 0.50000 — 
000000 0.5800 — 0.460 0.464 — 0.46875 — 
00000 0.5165 — 0.430 0.432 —_— 0.43750 —_— 
0000 0.4600 0.454 0.3938 0.400 0.454 0.40625 — 
000 0.4096 0.425 0.3625 0.372 0.425 0.37500 — 
00 0.3648 0.380 0.3310 0.348 0.380 0.34375 — 
0 0.3249 0.340 0.3065 0.324 0.340 0.31250 —_ 
1 0.2893 0.300 0.2830 0.300 0.300 0.28125 — 
2 0.2576 0.284 0.2625 0.276 0.284 0.265625 — 
3 0.2294 0.259 0.2437 0.252 0.259 0.250000 0.224 
4 0.2043 0.238 0.2253 0.232 0.238 0.234375 0.200 
5 0.1819 0.220 0.2070 0.212 0.220 0.218750 0.180 
6 0.1620 0.203 0.1920 0.192 0.203 0.203125 0.160 
7 0.1443 0.180 0.1770 0.176 0.180 0.187500 0.140 
8 0.1285 0.165 0.1620 0.160 0.165 0.171875 0.125 
9 0.1144 0.148 0.1483 0.144 0.148 0.156250 0.112 
16 0.1019 0.134 0.1350 0.128 0.134 0.140625 0.100 
11 0.09074 0.120 0.1205 0.116 0.120 0.125000 0.090 
12 0.08081 0.109 0.1055 0.104 0.109 0.109375 0.080 
13 0.07196 0.095 0.0915 0.092 0.095 0.093750 0.071 
14 9.06408 0.083 0.0800 0.080 0.083 0.078125 0.043 
15 0.05707 0.072 0.0720 0.072 0.072 0.0703125 0.056 
16 0.05082 0.065 0.0625 0.064 0.065 0.0625000 0.050 
17 0.04526 0.058 0.0540 0.056 0.058 0.0562500 0.045 
18 0.04030 0.049 0.0475 0.048 0.049 0.0500000 0.040 
i) 0.03589 0.042 0.0410 0.040 0.040 0.0437500 0.036 
20 0.03196 0.035 0.0348 0.036 0.035 0.0375000 0.032 
21 0.02846 0.032 0.03175 0.032 C.0315 0.0343756 0.028 
22 0.02535 0.028 0.02860 0.028 0.0295 0.0312500 0.025 
23 0.02257 0.025 0.02580 0.024 0.0270 0.0281250 0.022 
24 0.02010 0.022 0.02300 0.022 0.0250 0.0250000 0.020 
25 0.01790 0.020 0.02040 0.020 0.0230 0.0218750 0.018 
26 0.01594 0.018 0.01810 0.018 0.0205 0.0187500 0.016 
27 0.01420 0.016 0.01730 0.0164 0.0187 0.0171875 0.014 
28 0.01264 0.014 0.01620 0.0148 0.0165 0.0156250 0.012 
29 0.01126 0.013 0.01500 0.0136 0.0155 0.0140625 0.011 
30 0.01003 0.012 0.01400 0.0124 0.01372 0.0125000 0.010 
31 0.008928 0.010 0.01320 0.0116 0.01220 0.01093750 0.009 
32 0.007950 0.009 0.01280 0.0108 0.01120 0.01015625 0.008 
33 0.007080 0.008 0.01180 0.0100 0.01020 0.00937 500 0.007 
34 0.006305 0.007 0.01040 0.0092 0.00950 0.00859375 0.006 
35 0.005615 0.005 0.00950 0.0084 0.00900 0.00781250 _— 
36 0.005000 0.004 0.00900 0.0076 0.00750 0.007031250 — 
37 0.004453 -— 0.00850 0.0068 0.00650 0.006640625 == 
38 0.003965 — 0.00800 0.0060 0.00570 0.006250000 aS 
39 0.003531 — 0.00750 0.0052 0.00500 — = 
40 0.003145 —_— 0.00700 0.0048 0.00450 — = 


* Courtesy of Whitehead Metal Products Co., Inc. 
{ These thicknesses are intended to express the desired thickness in decimals. They have no 


relation to gauge numbers; they are approximately related to the AWG sizes 3-34. 
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Commercial insulating materials* 


The tables on the following pages give a few of the important electrical 
and physical properties of insulating or dielectric materials. The dielectric 
constant and dissipation factor of most materials depend on the frequency 
and temperature of measurement. For this reason, these properties are 
given at a number of frequencies, but because of limited space, only the 
values at room temperature are given. The dissipation factor is defined as 
the ratio of the energy dissipated to the energy stored in the dielectric 
per cycle, or as the tangent of the loss angle. For dissipation factors less 
than 0.1, the dissipation factor may be considered equal to the power fac- 
tor of the dielectric, which is the cosine of the phase angle by which the 
current leads the voltage. 


Many of the materials listed are characterized by a peak dissipation factor 
occurring somewhere in the frequency range, this peak being accompanied 
by a rapid change in the dielectric constant. These effects are the result 


of a resonance phenomenon occurring in polar materials. The position of . 


the dissipation-factor peak in the frequency spectrum is very sensitive to 


* Most of the data listed in these tables have been taken from “Tables of Dielectric Materials,’’ 
vols. I-IV, prepared by the laboratory for Insulation Research of the Massachusetts Institute 
of Technology, Cambridge, Massachusetts; January, 1953 and from, ‘Dielectric Materials and 
Applications,” A. R. von Hipple, editor; John Wiley & Sons, Inc., New York, N. Y.: 1954, 


dielectric constant at 
(frequency in cycles/second) 


material composition T | | | | 3 | 2.5 
°C | 60 | 103 | 106 | 108 x 10° X 71910 
ceramics i At | 
AlSiMag A-35 Magnesium silicate 23) 6.14) 5.96] 5.84] 5.75} 5.60 5.36 
AlSiMag A-196 Magnesium silicate 25} 5.90} 5.88) 5.70) 5.60} 5.42 5.18 
AlSiMag 211 Magnesium silicate 25| 6.00} 5.98] 5.97] 5.96} 5.90 — 
AlSiMag 228 Magnesium silicate 25) 6.41} 6.40] 6.36] 6.20} 5.97 5.83 
AlSiMag 243 Magnesium silicate . 22| 6.32) 6.30] 6.22] 6.10} 5.78 5.75 
Ceramic NPOT96 _ 25| — |29.5 |29.5 |29.5 — — 
Ceramic N750T96 — 25} — |83.4 183.4 |83.4 | 83.4 _— 
Ceramic N1400T110 an 25| — |130.8)130.2/130.0) — —— 
Coors AI-200 Aluminum oxide 25} — | 8.83] 8.80] 8.80] 8.79 _— 
Crolite 29 Oxides of aluminum, silicon, magnesium, 
calcium, barium 24; — | 6.04] 6.04) — 5.90 

Magnesium oxide — 25) — | 9.65) 9.65} 9.65) — — 
Porcelain Dry process 25| 5.5 | 5.36] 5.08] 5.04) — = 
Porcelain Wet process 25] 6.5 | 6.24] 5.87} 5.80} — — 
Steatite 410 os : 25| 5.77| 5.77| 5.77| 5.77) 5.7 — 
TamTicon B Barium titanatet 26)1250 }1200 |1143 | — 600 100 
TamTicon MC Magnesium titanate 25| — |13.9 |13.9 |13.9 13.8 13.7 
TamTicon C Calcium titanate 25) 168 |167.7|167.7/167.7| 165 — 
TamTicon 8 Strontium titanate 25; — | 233 | 232 | 232 — _— 
TI-Pure R-200 Titanium dioxide (rutile) 26} — | 100 | 100 | 100 os _ 
Zirconium porcelain Zi-4 — 25| — | 6.40] 6.32] 6.30] 6.23 — 


} Dielectric constant and dissipation factor are dependent on electrical field strength. 


60 


ee I ee Se eee 


0.017 
0.0022 
0.012 


0.0013 


0.0015 | 


dielectric dc volume thermal ex- 
(frequency in cycles /second) strength in resistivity in pansion 
3 | 2.5 volts/mil af | ohm=cm at (linear) in | softening point 
103 106 108 109 1010 | 25°C 25°C parts /°C in°C 
0.0100 | 0.0038 0.0037 0.0041 0.0058 225 (2”) >1014 8.710% 1450 
0.0059 0.0031 0.0016 0.0018 0.0038 240 (37) >104 8.9108 1450 
0.0034 0.0005 0.0004 0.0012 — — >1014 9.210% 1350 
| 0.0020 0.0012 0.0010 | 0.0013 0.0042 — —- 6-8 10-8 1450 
0.00045; 0.00037} 0.0003 0.0006 0.0012 200 (37) > 1014 10.5 107% 1450 
0.00049] 0.00016} 0.0002 —_ — — _— a — 
0.00045] 0.00022} 0.00046 — — _— _ — — 
0.00055} 0.00030] 0.00070} — _ _ _ — — 
0.00057} 0.00033} 0.00030] 0.0010 — — — oo _ 
0.0019 0.0011 _ 0.0024 _ _— _— 7.7X10* 1325 
0.0003 |<0.0003 |<0.0003 — — —_ — _— — 
0.0140 0.0075 0.0078 _ _— — —— _ — 
ea | Nes ee es Ue | ee EO dP ie I 
0.0180 0.0090 0.0135 — _— ~~ — — 
0.0030 0.0007 0.0006 0 00089 _— — — — — 
0.0130 | 0.0105 == 0.30 0.60 75 1012-1018 — 1400-1430 
9.0011 | 0.0004 0.0005 0.0017 0.0065 = == = ae 
0.00044} 0.0002 — 0.0023 aa 100 1012-1014 -- 1510 
0.0011 0.0002 0.0001 —_ — 100 1012-1014 — 1510 
0.0015 0.0003 0.00025 — — —_ — _— _— 
0.0040 0.0023 0.0025 0.0045 = — = er m= 
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temperature. An increase in the tem- 
perature increases the frequency at 
which the peak occurs, as illustrated 
qualitatively in the sketch at the right. 
Nonpolar materials have very low 
losses without a noticeable peak; the 
dielectric constant remains essentially 
unchanged over the frequency range. 


dissipation factor 


logarithmic frequency 


Another effect that contributes to dielectric losses is that of ionic or elec- 
tronic conduction. This loss, if present, is important usually at the lower end 
of the frequency range only, and is distinguished by the fact that the dis- 
sipation factor varies inversely with frequency. Increase in temperature in- 
creases the loss due to ionic conduction because of increased ionic mobility. 


The data given on dielectric strength are accompanied by the thickness of the 
specimen tested because the dielectric strength, expressed in volts/mil, 
varies inversely with the square root of thickness, approximately. 


The direct-current volume resistivity of many materials is influenced by 
changes in temperature or humidity. The values given in the table may be 
reduced several decades by raising the temperature toward the higher end, 
of the working range of the material, or by raising the relative humidity of 
the air surrounding the material to above 90 percent. 


dissipation factor at 


moisture 

absorp- 
tion in 
percent 


64 CHAPTER 3 


Commercial insulating materials 
‘SSSA APT FE RT RRL RG SP NE RET DO NS SOARES TEA 


material 


composition 


continued 


dielectric constant af 


(frequency in cycles /second) 


T 
°C | 60 | 103 | 108 | 108 10° | 


glasses 

Corning 0010 
Corning 0120 
Corning 1990 


Corning 1991 
Corning 7040 
Corning 7050 


Corning 7060 (Pyrex) 
Corning 7070 
Corning 7720 


Corning 7750 
Corning 7900 
Fused silica 915¢ 


Quartz (fused) 


plastics 

Alkyd resin 
Araldite CN-501 
Araldite CN-504 


Bakelite BM120 Phenol-formaldehyde 
Bakelite BM 250 Phenol-formaldehyde, 66% asbestos fiber, 

preformed and preheated PAS!) = |e 
Bakelite BM262 Phenol-aniline-formaldehyde, 62% mica 25| 4.87| 4.80 
Bakelite BT-48-306 100% phenol-formaldehyde 24) 8.6 | 7.15 
Beetle resin Urea-formaldehyde, cellulose 27| 6.6 | 6.2 
Bureau of Standards casting | 32.5% polystyrene, 53.5% poly—2,5-di- 

resin chlorostyrene, 138% hydrogenated ter- 

phenyl, 0.5% divinyl-benzene 251) 52:62 
Catalin 200 base Phenol-formaldehyde 22) 8.8 | 8.2 
Chemelec MI-405 75% Teflon, 25% calcium fluoride 25) — | 2.50 
Chemelee MI-407 88% Teflon, 12% ceramic 25| — | 3.02 
Chemelec MI-411 75% Teflon, 25% Fibreglas 25| — | 2.14 
Chemelec MI-422 80% Teflon, 20% titanium dioxide 25) —— 1/2372 
Cibanite 100% aniline-formaldehyde 25| 3.60] 3.58 
DC 996 Methyl, phenyl, and methyl—phenyl 

polysiloxane resin 25} — | 2.90 
DC 2104 laminate XL-269 | 35% methyl and pheny! polysiloxaneresin, 

65% ECC-181 Fibreglas 25} — | 4.14 
Dilectene-100 100% aniline-formaldehyde 25} 3.70] 3.68 
Dilecto (Mecoboard) 45% cresol-phenol formaldehyde, 15% tung 

oil, 15% nylon 25| — | 3.98 
Dilecto (Teflon laminate 65-68% Teflon, 32-35% continuous- 

GB-112T) filament glass base 25} — | 2.74 
Durez 1601 natural Phenol-formaldehyde, 67% mica 26] 5.1 | 4.94 
Durite 500 Phenol-formaldehyde, 65% mica, 4% 

lubricants 24| 5.1 | 5.03 
Epon resin RN-48 Epoxy resin 25} — | 3.63 
Formica FF-41 Melamine-formaldehyde, 55% filler 26| — | 6.00 


Formica XX 
Formvar E 


Soda-potash-lead silicate ~20% lead oxide| 24/ 6.70| 6.63| 6.43] 6.33 
Soda-potash-lead silicate 23| 6.76] 6.70] 6.65) 6.65 
Iron-sealing glass 24} 8.41} 8.38] 8.30] 8.20 
— 24] 8.10} 8.10} 8.08] 8.00 
Soda-potash-borosilicate 25| 4.85} 4.82] 4.73] 4.68 
Soda-borosilicate 25| 4.90) 4.84] 4.78] 4.75 
Soda-borosilicate 25| — | 4.97] 4.84) 4.84 
Low-alkali, potash-lithiaborosilicate 23} 4.00} 4.00) 4.00] 4.00 
Soda-lead borosilicate 24| 4.75) 4.70} 4.62) — 
Soda-borosilicate~ 80% silicon dioxide 25] — | 4.42] 4.38] 4.38 
96% silicon dioxide 20} 3.85] 3.85] 3.85} 3.85 
Silicon dioxide 25| — | 3.78] 3.78| 3.78 
100% silicon dioxide 25| 3.78| 3.78| 3.78] 3.78 
Foamed diisocynate 25| — |1.223]1.218] 1.20 
Epoxy resin 25} — | 3.67! 3.62) 3.35 
Epoxy resin 25} — | 3.99] 3.69] 3.39 


Polyvinyl formal 


Se Ce ed ee ee eS SS 


Phenol-formaldehyde, 50% paper laminate | 26] 5.25} 5.15 


2.5 : 
1010 60° 
5.87 0.008 
6.51 0.005 
7.84 — 
= 0.002 
4.52 0.005, 
4.64 0.009; 
4.65 =_ 
3.9 0.000 
— 0.009 
3.82 | 0.000 
3.78 0.000 
3.55 0.08 
5.0 = 
45 0.010 
— 0.15 : 
a= 0.032 
— | o.0g§ 
_ 0.003 
res, i § 
— 0.003 
‘ 
= 0.03 
2.7 


103 


1.00535 
).0030 
).0004 


).0009 
).0034 
).0056 


).0055 
).0005 
).0042 


).0033 


).0006 
).00026 


).00075 


).00077 


dissipation factor af 
(frequency in cycles/second) 


106 


0.00165 
0.0012 
0.0005 


0.0005 
0.0019 
0.0027 


0.0036 
0.0008 
0.0020 


0.0018 
0.0006 
0.00001 


0.0001 


108 


0.0023 
0.0018 
0.0009 


0.0012 
0.0027 
0.0035 


0.0006 


0.00003 
0.0002 
0.0038 


0.034 
0.030 


0.0380 
0.0057 


0.077 
0.050 


0.0011 


0.0009 
0.0158 


0.0010 
0.00024 
0.0039 


3 
X 10° | 


0.0060 
0.0041 
0.00199 


0.0038 
0.0044 
0.0052 


0.0054 
0.0012 


0.0043 
0.00068 
0.0001 


0.00006 


0.0005 


0.108 
0.00068 


).0344 


1.00061 
).021 


0.0263 


0.00058 
0.0080 


0.00165 


0.0034 
0.0033 


0.0216 


0.00118 
0.0064 


2.5 
1010 


0.0110 
0.0127 
0.0112 


0.0073 
0.0083 


0.0090 
0.0031 


0.0013 


0.00025 


0.0390 


0.032 
0.0089 


dielectric 
strength in 
volts /mil at 
25°C 


410 (3”) 


405 (#”) 
300 (4) 


325-375 (44) 


277 (4”) 
375 (0.085”) 


200 (3”) 


600 (4 “) 


410° at 250° 


3X 109 at 250° 
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dc volume 

resistivity in 

ohm=cm at 
25°C 


109 at 250° 
101° at 250° 
10° at 250° 


5X 109 at 250° 
108 at 250° 


7X107 at 250° 


104 at 250° 
6X 108 at 250° 


5X10° at 250° 


>101 


>3.8X107 


19u 


2X 1014 


810 (0.068”) 


> 1016 


thermal ex- 


moisture 
absorp- 
tion in 
percent 


0.14 


<0.6 


OO OOO OO | | | 


0.060 
0.0113 


0.0115 


860 (0.034”) 


>5X1016 


pansion 
(linear) in softening point 
parts /°C : 
901077 626 
87X1077 630 
1321077 484 
1281077 527 
49X1077 697 
4610-7 703 
501077 693 
311077 746 
361077 756 
421077 701 
81077 1450 
5.7X107 1667 
4.771075 109 (distortion) 
30-40 1078 | <135 (distortion) 
— 145 (distortion) 
10-20X10-* |100-115 (distortion) 
8.3-13X105 | 50 (distortion) 
2.61075 152 (distortion) 
7.5-15X10- | 40-60 (distortion) 
6.49 X10 126 
5.41075 125 
1.7X1075 _ 
7.7X1075 190 
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Commercial insulating materials continued 


[SPH TI RA TI . 
dielectric constant at 

= ——_3 

(frequency in cycles /second } 


composition T | | 3 2.5 | 
°C | 60 | 103 | 106 | 108 | X10? X 71010 60 — 


material 


plastics—=continued | 


Geon 2046 59% polyvinyl-chloride, 30% dioctyl | 

phosphate, 6% stabilizer, 5% filler 23} 7.5 | 6.10} 3.55} 3.00} 2.89 _ 0.08 — 

Hardman 51 Permo potting i 

compound Alkyd resin 25} — | 2.95} 2.70] 2.59] 2.53 _ _— 

Hydrogenated polystyrene Polyvinyleyclohexane 24) — | 2.25} 2.25] 2.25) 2.25 _ — . 

Hysol 6020 Epoxy resin 25| — | 3.90] 3.54| 3.29] 3.01 a —q 
Hysol 6030, flexible potting 

compound Epoxy resin 25| — | 6.15] 4.74] 3.61] 3.20 — — 
Kel-F Polychlorotrifluoroethylene 25| 2.72| 2.63] 2.42) 2.32) 2.29 2.28 0.015 
Kel-F, grade 300P25 Plasticized polychlorotrifluoroethylene 95| — | 2.75] 2.51] 2.37) 2.31 = — 
Koroseal 5CS-243 63.7% polyvinyl-chloride, 33.1% di-2- 

ethylhexyl-phthalate, lead silicate 27| 6.2 | 5.65] 3.60] 2.9 Peis: == 0.07 
Lumarith 22361 Ethylcellulose, 13% plasticizer 24| 3.12] 3.06) 2.92] 2.80) 2.74 2.65 — 
Marco resin MR-25C Unsaturated polyester 95| — | 3.24) 3.10} 2:90) 2:77 — — 
Melmac molding compound | Melamine-formaldehyde, 40% wood flour, 

1500 18% plasticizer 25| — | 6.31] 5.85} 5.10} 4.20 = — 
Melmac resin 592 Melamine-formaldehyde, mineral filler 27) 8.0 | 6.25] 5.20) 4.70| 4.67 — 0.08 
Micarta 254 Cresylic acid—formaldehyde, 50% 

a-cellulose or 25) 5.45] 4.95] 4.51| 3.85| 3.43 3.21 | 0.098 
Nylon 610 Polyhexamethylene-adipamide 25| 3.7 | 3.50] 3.14] 3.0 2.84 Bie 0.018 
Permafil 3256 Cross-linked addition polymer 24, — | 4.22] 3.86] 3.5 — 3.0 — 
Plaskon alkyd special ; 

electrical granular Alkyd resin 25 5.10] 4.76] 4.55} 4.50 _— — 
Plaskon melamine Melamine-formaldehyde,a-—cellulose 24| — | 7.57| 7.00) 6.0 4,93 —_ — 
Plaskon 911 Unsaturated polyester 24 3.81| 3.56] 3.25} 3.07 — — 
Plasticell Expanded polyviny] chloride 25| — | 1.04] 1.04] 1-04] 1.04 Bh os 
Plastic CY-8 97% poly—2,5-dichlorostyrene 24| — | 2.61] 2.60] 2-60} 2.60 2.59 — 
Plexiglass Polymethyl methacrylate 273145) ool 22a 6| a 2.60 — 0.064 | 
Polyethylene DE-3401 0.1% antioxidant 25| 2.26| 2.26| 2.26| 2.26, 2.26 | 2.26 |<0.000t 
Polyethylmethacrylate = D9 eo | | 25 |\2:505) 2-5 2)emerolk 2.5 = 
Polyisobutylene — 25) 2.23) 2.23) 2:23) 2:23 220 — 0.0004 
ORL ee br [awe ces re vee 

H 

Polystyrene are d 25| 2.56) 2.56] 2.56] 2.55) 2.55 2.54 | <0.0001 
Polystyrene fibers Q—-107 1-micron—diam fibers 26) — | 2.14) 2.14). 2.141 2:41 = —F 
Polyvinyl chloride W-174 65% Geon 101, 35% Paraplex G—-25 25| — || 4.77) 3.52| 3.00), = = —*F 
Pyralin Cellulose nitrate, 25% camphor CAMS |) Wee Gy 1 aie 3.74 — 2.0 | 
Red Glyptal 1201 Alkyd resin 25} — | 4.5 | 3.9 | — -— — — | 
Rexolite 1422 == 25 PAY PUSS Ds as) 2.54 — = 
Saran B-115 Vinylidene-vinyl chloride copolymer 231) %6.0) | -4.65) 3218!) 2:82) Sanaa — 0.042 
Styraloy 22 Copolymer of butadiene, styrene 224 224" | 24a eoT4 2.4 2.40 0.001 
Styrofoam 103.7 Foamed polystyrene, 0.25% filler 25) 1.03) 1.03) 1.03; — 1.03 1.03 <0.000 
Teflon Polytetrafluoroethylene PAN PAE A GA We ORL ap ES 201 2.08 
Tenite I (008A, Ha) Cellulose acetate, plasticized 26| 4.59] 4.48] 3.90| 3.40] 3.25 3.14 
Tenite II (205A, Ha) Cellulose acetate-butyrate, plasticized 26] 3.60) 3.48] 3.30] 3.08] 2.91 —_ 
Vibron 140 Cross-linked polystyrene 25| 2.59) 2.59) 2.58) 2.58) 2.58 — 
Vinylite QYNA 100% polyvinyl-chloride 20| 3.20) 3.10} 2.88) 2.85) 2.84 _ 
Vinylite VG5901 62.5% polyvinyl-chloride-acetate, 29% 

plasticizer, 8.5% misc 25| — | 5.5 | 3.4 | 3.0 2.88 _ 
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dissipation factor at 


dielectric dc volume thermal ex- moisture 
(frequency in cycles/second) strength in resistivity in pansion absorp- 
3 | 2.5 volts/mil at ohm=-cm at (linear) in | softening point tion in 
103 106 108 x 109 X Tole 25°C 25°C parts /°C in°C percent 
—_—$.. $$ rts in Cs ! percent 
110 0.089 0.030 0.0116 — 400 (0.075”) 81014 — 60 (stable) 0.5 
041 | 0.0124 | 0.0120 | 0.0125 — — — _— = = 
0002 |<0.0002 |<0.0002 | 0.00018 — — — -~ — vhs 
0113 | 0.0272 | 0.0299 | 0.0274 — = = at — an. 
048 0.084 0.090 0.038 — — ews at = A: 
0270 | 0.0082 — 0.0028 0.0053 — 1018 ae - = 
0207 | 0.0175 | 0.0186 | 0.0093 — _— _ _ = oe 
100 0.093 0.030 0.0112 =e oe sete se — aS 
0048 | 0.0115 | 0.0160 | 0.0196 0.630 522 (47) 5X 1016 — 51 (distortion) 1.50 
0072 | 0.0138 | 0.0190 | 0.0130 _ — — —_— sad a 
0173 | 0.032 0.050 0.052 _ — —_ — = a 
1470 | 0.0347 | 0.0360 | 0.0410 _ 450 (4) 31018 3.51075 125 (distortion) 0.1 
133 0.036 0.055 0.051 0.038 1020 (0.033”) 3X 1018 3X10-5 >125 12 
186 | 0.0218 | 0.0200 | 0.0117 0.0105 400 (2”) 8X 1014 10.310-5 | 65 (distortion) 1.5 
120 | 0.030 0.034 — 0.029 600 (0.060”) — 10-13 X 10-5 | > 150 (distortion) 0.07 
236 | 0.0149 | 0.0138 | 0.0108 _ — me hs is Lo 
122 | 0.041 0.085 0.103 =e 300-400 = = 99 (stable) 0.4-0.6 
125 | 0.0240 | 0.0220! 0.0175 _ <= ae ce. es om 
011 | 0.0010 | 0.0010 | 0.0055 — — =e ey ee Maes 
1002 |<0.0002 | 0.00025] 0.00031) 0.0029 _ — — — — 
465 | 0.0140 ~ 0.0057 — 990 (0.030”) >5X 1016 8-910 | 70-75 (distortion) | 0.3-0.6 
1002 |<0.0002 | 0.0002 | 0.00031; 0.0006 | 1200 (0.033”) 1017 19X10 | 95-105 (distortion)| 0.03 
(varys) 
294 | 0.0090 aa 0.0075 0.0083 =e ~ = 60° (distortion) Low 
001 | 9.0001 | 0.0003 | 0.00047 -- 600 (0.010”) as — 25 (distortion) Low 
10005) 9.00007 <09.0001 | 0.00033} 0.0012 | 500-700 (4”) 1018 6-8 < 10-8 82 (distortion) 0.05 
10063; 9.0003 | 0.0004 | 0.00063 — — ~ — 70-80° (distortion) | Slight 
930 | 9.0550 | 0.0415 — — = = = = ae 
00 0.064 0.103 0.165 — _ 9.81073 _ 2.0 
160 0.032 = oe pas pe ae Be ae hy 
0011} 9.00013} 0.00038} 0.00048 _ ne = ae ca et 
163 0.057 0.0180 | 0.0072 — 300 (37) 1014-1016 15.810 150 <0.1 
006 | 9.0012 | 0.0052 | 0.0032 0.0018 | 1070 (0.0307) 6X 1014 5.91075 125 0.2-0.4 
001 |<0.0002 == 0.0001 —_ — = — 85 Low 
003 |<0.0002 |<0.0002 | 0.00015} 0.0006 1000-2000 1017 9.0X10-* | 66 (distortion, 0.00 
(0.005”-0.012”) stable to 300) 
175 | 0.039 0.038 0.031 0.030 290-600 (}”) oes 8-16 10-8 60-121 2.9 
097 | 0.018 0.017 0.028 — 250-400 (37) — 11-1710 60-121 2.3 
005 | 0.0016 | 0.0020 | 0.0019 - — — — = = 
185 | 0.0160 | 0.0081 | 0.0055 — 400 (4”) 1014 6.9X10-8 54 (distortion) 0.05-0.15 
18 0.074 0.028 0.0106 _ — _ —~ — — 
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Commercial insulating materials continued 
dielectric constant af 
(frequency in cycles /second) 
material composition T | | | | 3 2.5 
°C | 60 | 103 | 106 | 108 | X<109 xX 101° 60. 
plastics—continued | 
Vinylite VG5904 54% polyvinyl-chloride-acetate, 41% 
plasticizer, 5% mise ; 5) — | 7.5 | 4.3 | 3.3 2.94 —_ 
Vinylite VYNW Polymer of 95% vinyl-chloride, 5% 
vinyl-acetate 20} — | 3.15} 2.90} 2.8 2.74 —_— 
organic liquids 
Aroclor 1254 Pentachlorobipheny] 25, 5.05, 5.05; 3.70) 2.75) 2.70 _— 
Aviation gasoline 100 octane 25} — | — | 1.94] 1.94) 1.92 — 
Bayol-D 77.6% paraffins, 22.4% naphthenes 24| 2.06) 2.06] 2.06) 2.06] 2.06 — 
Benzene Chemically pure, dried 25| 2.28) 2.28] 2.28] 2.28] 2.98 2.28 
Cable oil 5314 Aliphatic, aromatic hydrocarbons 25|| 2:2510 2295 |) 2:25\8 0195) eun09 — 
Carbon tetrachloride _ 25| 2.171 2.17} 2.07) 2.47) 0 2g Ss 
DC-550 Methyl and methyl—-pheny] polysiloxane 25| — | 2.90] 2.90] 2.88] 2.77 — 
DC-710 Methyl and methyl-pheny] polysiloxane 25} — | 2.98] 2.98] 2.95) 2.79 — 
Ethyl alcohol Absolute 25| — | — [24.5 |23.7 6.5 — 
Ethylene glycol — 25| — | — [41 {41 12 — 
Fractol A 57.4% paraffins, 42.6% naphthenes 26) 2.17) 947) 2.17/° 2:97) OT 2.12 
Halowax oil 1000 60% mon-, 40% di-, trichloronaphthalenes | 25] 4.80) 4.77| 4.74, — 3.52 — 
Ignition-sealing compound 4 | Organo-siloxane polymer 25| 2.75} 2.75| 2.75} 2.74] 2.65 — 
IN-420 Chlorinated Indan 24! 5.77) 5.71) — | — — — 
Jet fuel JP-3 ra 25} — | — | 2.08] 2.08| 2.04 ae 
Kel-F grease, grade 40 Polychlorotrifluoroethylene 25] — | 2.88] 2.78) — 2.20 _— 
Kel-F oil, grade 1 Polychlorotrifluoroethylene 25} — | 2.61] 2.61] 2.58] 2.34 — 
Marcol 72.4% paraffins, 27.6% naphthenes 24] 2.14) 2.14) 2.14] 2.14] 2.14 _ 
Methy] alcohol Absolute analytical grade 25} — | — |31. {31.0 | 23.9 — 
rimol-D 49.4% paraffins, 50.6% naphthenes 24| 2.17| 2.17] 2.17] 2.17| 2.17 — 
Pyranol 1467 Chlorinated benzenes, diphenyls 25| 4.40! 4.40] 4.40} 4.08) 2.84 — 
Pyranol 1476 Isomeric pentachlorodiphenyls 26} 5.04] 5.04} 3.85} — 2.70 — 
Pyranol 1478 Isomeric trichlorobenzenes 26| 4.55] 4.53] 4.53] 4.5 3.80 _ 
Silicone fluid SF96-40 _— 25 a Qei ll eoaiels 2: cll eeenO a 
Silicone fluid SF96-1000 _ PAN OARS) OL/BI DAVE. 927/i\ oe 
Silicone fluid SC200 Methyl or ethyl siloxane polymer (1000 cs)} 22! 2.78] 2.78] 2.78} — 2.74 — 
Silicone fluid SC500 Methyl or ethy] siloxane polymer (0.65 cs) | 22] 2.20] 2.20] 2.20/ 2.20! 2.20 2.13 
Styrene dimer _— 25, — | — | 2.7 | 2.7 2.5 — 
Styrene N-100 Monomeric styrene 22| 2.40] 2.40] 2.40} 2.40} 2.40 — 
Transil oil 10C Aliphatic, aromatic hydrocarbons 26) 2.22) 2.22] 2.29) 2:90] — 248 — 
Vaseline — 25| 2.16! 2.16! 2.16! 2.16! 2.16 — 
waxes 
Acrawax C Cetylacetamide 24| 2.60, 2.58] 2.54] 2.52] 2.48 2.44 
Beeswax, yellow — i 23] 2.76} 2.66] 2.53} 2.45} 2.39 — 
Ceresin, white Vegetable and mineral waxes ZO 2csaleccomieore amore 2.25 — 
Halowax 11-314 Dichloronaphthalenes 23| 3-14) 3.04! 2.98] 2.93) 2.89 _— 
Halowax 1001, cold-molded | Tri- and tetrachloronaphthalenes 26| 5-45) 5.45] 5.40] 4.2 2.92 2.84 
Kel-F-wax 150 Polychlorotrifluoroethylene 25|">4 | 2.97) 2.52|°2:25) © 2:03 —_ 
Opalwax Mainly 12-hydroxystearin 2414.2 110.3 | 3.2 | 2.7 2.55 2.5 
Paraffin wax, 132° ASTM Mainly C22 to C29 aliphatic, saturated 
hydrocarbons 25| 2.25! 2.25] 2.25} 2.25} 2.25 2.2 


Vistawax 


Polybutene 


25| 2-34] 2.34] 2.34] 2.30] 2.27 
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dissipation factor at dielectric dc volume thermal ex- moisture 
(frequency in cycles /second) strength in resistivity in pansion absorp- 
3 2.5 volts /mil at ohm-cm at (linear) in softening point | tion in 
108 106 108 x 109 XX 1010 25° C 25°C parts /°C in ° percent 
).071 0.140 0.067 0.034 —_ | — _ — | _ — 
0165 | 0.0150 | 0.0080 | 0.0059 —_ == — _ _ — 
).00035, 0.238 0.0170 ; 0.0044 _ ~~ -- — —_ — 
_ — 0.0001 0.0014 _— _ _ — — _ 
).0001 |<0.0003 | 0.0005 | 0.00133 oa 300 (0.1007) os 110-3 —26 (pour point) | Slight 


).0001 |<0.0001 |<0.0001 |<0.0001 | <0.0001 == 
).00004| 0.0008 i 0.0018 — 300 (0.100”) 
).0008 |<0.00004)<0.0002 | 0.0004 — _— 


| | | | | ne fe | eer 


— 0.030 0.045 1.00 — — <4, ae aa she 

0001 |<0.0003 | 0.0004 | 0.00072} 0.0019 300 (0.1007) — 7.06X10-4 |<—15 (pour point)! Slight 
).0050 |<0.0002 — 0.25 — oo — 25b><10-* —38 (melts) — 
0006 | 0.0004 | 0.0015 | 0.0092 — 500 (0.0107) 11018 631075 — — 
).0010 _ _ _— — _ 1014 — 10 (pour point) _— 

0.0001 = 0.0055 — _ => i ao = 

00038} 0.043 =— 0.014 — — = — = = 
00023} 0.00020) 0.014 0.087 — — = eae 7a che 
).0001 |<0.0002 == 0.00097 _— 300 (0.1007) _ 7.51074 —12 (pour point) | Slight 
— 0.20 0.038 0.64 _ — 
).0001 |<0.0002 0.00077 — 


—_ — 6.911074 <—15 (ooir point) Slight 
300 (0.1007) = —_— — — 


0003 | 0.0025 | 0.13 0.12 


————__—_ 


).0006 0.25 re 0.0042 aoa —— _ — 10 (pour point) — 
.0014 | 0.0002 | 0.014 0.23 _— _ — = = as 
000003 | <0.0001 = 0.0095 = _— — — = ae 
000003 | <0.0001 aac 0.0106 = — = = = cs 
).00008 | << 0.0003 = 0.0096 — — _ os == me 
).00004}< 0.0003 | 0.00014; 0.00145} 0.0060 {250-300 (0.1007) — 1.598 X1073 —68 (melts) Nil 
— 0.0003 | 0.0018 | 0.011 — — -- = = 
005 |<0.0003 | — 0.0020) — 300 (0.1007) 31012 a et 0.06 
).00001)< 0.0005 | 0.0048 | 0.0028 = 300 (0.1007) oa —40 (pour point) — 


Ss 


1.0002 |<0.0001 |<0.0004 | 0.00066 = _ — _ = ay 


.0068 | 0.0020 | 0.0012 | 0.0015 | 0.0021 es oa — 137-139 (melts) oe 
0140 | 0.0092 | 0.0090 | 0.0075 - = = — 45-64 (melts) 2 
.0006 | 0.0004 | 0.0004 | 0.00046, — = te Abs 57 ce 
=a ———qgqjy—_—  erre_—ooee—_— $$ e_——_——————— | | eee LL 
0110 | 0.0003 | 0.0017 | 0.0037 = = —< ao 35-63 (melts) Nil 
.0017 | 0.0045 | 0.27 0.058 0.020 == = us 91-94 Low 
0093 | 0.054 | 0.027 | 0.0113 a a Be oy on th 
21 0.145 | 0.027 | 0.0167 | 0.0160 a au ~ 86-88 (melts) = 
.0002 |<0.0002 |<0.0002 | 0.0002 | <0.0003 | 1060 (0.0274) >5X10% | 13.010 36 Very low 


0003 | 0.00133] 0.00133; 0.0009 
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Commercial insulating materials 
SAAT PY AA ETS TNS IP 


material 


rubbers 
GR-I (butyl! rubber) 


GR-I compound 
GR-S (Buna S$) cured 


GR-S (Buna S) uncured 


Gutta-percha 
Hevea rubber 


Hevea rubber, vulcanized 


Hycar OR Cell-tite 
Kralastic D Natural 


Neoprene compound 
Royalite 149-11 


SE-450 


SE-972 
Silastic 120 


Silastic 152 


Silastic 181 
Silastic 6167 


Thiokol FA 


woods* 

Balsawood 

Douglas Fir 

Douglas Fir, plywood 


Mahogany 
Yellow Birch 
Yellow Poplar 


miscellaneous 
Amber 

Cenco Sealstix 
Plicene cement 


Gilsonite 
Shellac (natural XL) 


Mycalex 400 
Mycalex K10 
Mykroy, grade 8 
Ruby mica 
Paper, Royalgrey 
Selenium 
Quinterra 
Quinorgo 3000 


Sodium chloride 
Soil, sandy dry 


pol loamy dry 


composition 


Copolymer of 98-99% isobutylene, 1-2% 
isoprene 

100 pts polymer, 5 pts zinc oxide, 1 pt 
tuads, 1.5 pts sulfur 

Styrene-butadiene copolymer, fillers, lubri- 
cants, etc. 


Copolymer of 75% butadiene, 25% styrene 


Pale crepe 


100 pts pale crepe, 6 pts sulfur 
Based on butadiene polymer 
Nitrile rubber 


38% GN 

Polystyrene-acrylonitrile and 
polybutadiene-acrylonitrile 

Silicone-rubber compound 


Silicone-rubber compound 

50% siloxane elastomer, 50% titanium 
dioxide 

Siloxane elastomer 


45% siloxane elastomer,55% silicon dioxide 


33% siloxane elastomer, 67% titanium 
dioxide 
Organic polysulfide, fillers 


Fossil resin 
DeKhotinsky cement 


99.9% natural bitumen 
Contains ~ 3.5% wax 


Mica, glass 


Mica, glass, titanium dioxide 
Mica, glass 
Muscovite 


Amorphous 
Asbestos fiber, chrysotile 


85% chrysotile asbestos, 15% organic 
materia 
Fresh crystals 


continued 


dielectric constant at 
(frequency in cycles/second) 
3 


es Bpusio: 106 | 108} 10° 


25| 2.39] 2.38) 2.35} 2.35) 2.35 
25| 2.43] 2.42} 2.40] 2.39} 2.38 


25| 2.61| 2.60] 2.53| 2.47] 2.40 
95|2.4\/24|24|24] 2.15 
27| 2.94| 2.94| 2.74] 2.42] 2.36 
25| — | 1.40] 1.38] 1.38] 1.38 
25| — | 3.54] 3.20| 2.78] 2.66 
24| 6.7 | 6.60| 6.26] 4.5 | 4.00 
95) || <5.90) 441 aeeate 
25| — | 3.08| 3.07| 3.05| 2.97 
25| — | 3.35| 3.20] 3.16] 3.13 


25| 5.78] 5.76| 5.75} 5.75| 5.73 


From pure distilled water 
Freshly fallen snow 


and tackedieuow followed by light rain’ 


Distilled 


* Field perpendicular to grain. 


25| — | 2.95] 2.95| 2.95] 2.90 
25} — | 3.30] 3.20] 3.18] 3.11 
95\'— 110.1 110. 110 4) 40 
931 — |2260l110 |30 | 16 
26| 1.4 | 1.4 | 1.37] 1.30} 1.22 
25| 2.05| 2.00| 1.93] 1.88] 1.82 
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Ferrites 

Ferrite is the common term that has come to be applied to a wide range of 
different ceramic ferromagnetic materials. Specifically, the term applies to 
those materials with the spinel crystal structures having the general formula 
XFe2Ou, where X is any divalent metallic ion having the proper ionic radius 
to fit in the spinel structure. To date, ferrites have been prepared in which 
the divalent ion has been manganese, iron, cobalt, nickel, copper, cadmium, 
zinc, and magnesium. All of the known ferrites are mutually soluble in each 
other without limit; a wide range of magnetic and electrical properties can 
be obtained from specially formulated mixed ferrites that can be thought 
of as solid solutions of any two of the simple ferrites described above. Thus 
nickel—zinc ferrite can be prepared with the composition Niy-sZn3Fe2O,, 
where 6 can take any value from zero to unity. 


Several ceramic ferromagnetic materials have been prepared that do not 
have the basic formula XFegO4 but common usage has included them in the 
family of ferrite materials. Thus, “lithium ferrite’’ has been prepared; the 
chemical formula of this material can be written as (Lip.sFeo.5) Fe2O4. It can 
be seen that in this compound, the divalent X ion has been replaced by 
equal amounts of monovalent lithium and trivalent iron. Certain microwave 
applications have made it important to obtain ferrites with high Curie 
temperatures and lower saturation moments than can be obtained from any 
of the mixed ferrites discussed above. This has been accomplished by 
replacing part of the trivalent iron by some other trivalent ion such as 
aluminum. Thus a typical composition might be NiAl,Fes,O4, where x 
could, in principle, vary from zero to two. Strictly speaking, these materials 
are not ferrites, but common usage includes them in the ever-growing list 
of ferrite materials. This substance can be thought of as a solid solution of 
nickel aluminate in nickel ferrite. Both materials have the spinel crystal 
structure and like all spinels, are completely soluble in each other. 


The spinel crystal structure consists of a cubic close-packed oxygen lattice 
throughout which the metallic ions are distributed.* Two types of interstices 
exist in the oxygen lattice that will accommodate the metallic ions. In one 
of these interstices, the metallic ion is surrounded by four oxygen ions 
that occur at the corners of a regular tetrahedron. In the other, the metallic 
ion is surrounded by six oxygen ions occurring at the corners of a regular 
octahedron. The tetrahedral positions are commonly referred to as the 
A positions and the octahedral as the B positions, following the notation 
of Néel who developed the first satisfactory theoryT explaining the mag- 


* For a very clear and concise description of the spinel structure see: A. F. Wells, “Structural 
jnorganic Chemistry,”’ Oxford University Press, London, England; 1946: pp. 85-87 and 379-385. 
7 L. Néel, “Magnetic Properties of Ferrites: Ferromagnetism and Antiferromagnetism,” Annales 
de Physique, volume 3, pp. 137-198; 1948. 
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netic properties of these materials. There are twice as many B positions 
occupied in the spinel lattice as there are A positions; a spinel is known 
as a normal or inverse spinel depending upon how the metallic ions are 
distributed between the A and B positions. Thus, if both trivalent ions in 
the molecule are in the B positions and the divalent ion is in the A position, 
the spinel is normal. Many ferrites, however, are inverse spinels, and in 
these the trivalent iron ions are equally divided between the A and B 
positions, and the divalent metallic ion is in the B position. The distribution 
of ions can be inferred from magnetic data, but neutron-diffraction experi- 
ments give the most direct and unequivocal evidence available today for 
determining the ionic distribution. Evidence from both sources indicates 
that zinc, cadmium, and manganese ferrites are normal spinels, while all 
other known ferrites except magnesium are inverse. Magnesium is partially 
inverse and partially normal, the exact distribution of ions between the two 
sites depending upon the exact heat treatment of a particular sample. 


The presently accepted theory of ferrites, verified to some extent by neutron- 
diffraction experiments, indicates that the magnetic moment of the ions in 
the A sites is aligned antiparallel to the magnetic moment of the ions in the 
B sites. Thus, basically, ferrites belong to the class of antiferromagnetic 
rather than ferromagnetic materials. However, they constitute a special 
class of antiferromagnetic substances, since the magnetic moment in one 
site normally is larger than that in the other site and hence there is a net 
magnetic moment in one direction. Thus, even though ferrites are funda- 
mentally antiferromagnetic, macroscopically they exhibit the properties of 
ferromagnetism. Néel has suggested that materials that exhibit this property 
of uncompensated antiferromagnetism constitute a special class of materials 
and has proposed the name of ferrimagnetism to describe the phenomenon. 
In most of their important macroscopic properties, however, ferrites can 
be treated as ordinary ferromagnetic materials. 


This theory quite accurately accounts for the saturation moment of most 
ferrites, and in addition, it explains how it is possible to add a diamagnetic 
ion such as divalent zinc to nickel ferrite and to increase the saturation 
moment of the material. Thus in pure nickel ferrite, half of the trivalent iron 
ions are in the A sites and half are in the B sites, while all of the divalent 
nickel is in the B sites. Since the magnetic moment of the ions in the A sites 
is aligned antiparallel to the moments in the B sites, the magnetic moments 
of the iron ions effectively cancel each other and the net saturation moment 
of nickel ferrite is due to the nickel ions alone. Since divalent nickel has two 
unpaired electrons, it is expected that the saturation moment of nickel 
ferrite should be 2 Bohr magnetons per molecule. It is experimentally 
measured to be 2.3 Bohr magnetons. When zinc is added to nickel ferrite 
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to form the mixed ferrite, NiysZnsFeoO., the zinc enters the A site and 
displaces 6 ions of trivalent iron, forcing them over to the B sites. Thus in 
this material, the A sites are occupied by 6 ions of zinc and (1 — 6) ions of 
iron per molecule and the B sites are occupied by (1 + 6) ions of iron and 
(1 — 6) ions of nickel. Since trivalent iron has 5 unpaired electrons, giving 
it a magnetic moment of 5 Bohr magnetons, it is to be expected that the 
saturation moment of nickel—zinc ferrite will be (2 + 86) Bohr magnetons 
per molecule. It is found experimentally that the moment of nickel—zinc 
ferrite follows this formula approximately until about half the nickel has 
been replaced by zinc (i.e., 6 = 0.5). On further additions of zinc, the 
exchange fields that account for the ferromagnetic property become so 
greatly weakened that the material rapidly becomes paramagnetic at room 
temperature. 


The behavior of the conductivity and dielectric constant of ferrites is not 
well understood. They behave as if they consisted of large regions of 
fairly low-resistance material separated by thin layers of a relatively poor 
conductor. Therefore, the dielectric constant and conductivity show a 
relaxation as a function of frequency with the relaxation frequency varying 
from 1000 cycles/second to several megacycles/second. Most ferrites 
appear to have relatively high resistivities (~ 10° ohm—centimeters) if 
they are prepared carefully so as to avoid the presence of any divalent 
iron in the material. However, if the ferrite is prepared with an appreciable 
amount of divalent iron, then both the conductivity and dielectric constant 
are very high. Relative dielectric constants as high as 100,000 and resistivi- 
ties less than 1 ohm-—centimeter have been measured in several ferrites 
having a small amount of divalent iron in their composition. 


The accompanying table lists some of the pertinent information with respect 
to the more-important ferrites. Properties such as electrical conductivity 
and dielectric constant, which are extremely structure-sensitive, are not 
listed since slight changes in method of preparation can cause these prop- 
erties to change by several orders of magnitude. Also not included in the 
table is the initial permeability of ferrite materials since this is also a 
structure-sensitive property. The initial permeability of most ferrites lies 
between 100 and 2000. In general, the ferrites listed in the table have the 
following properties in common. 


Thermal conductivity = 1.5 X 10°? calorie/second/centimeter?/degree C 
Specific heat = 0.2 calorie/gram/degree C 


Young’s modulus = 1.5 & 10” dynes/centimeter? 
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Standards in general 


Standardization of electronic components or parts is handled by several 
cooperating agencies. The Radio-Electronics-Television Manufacturers’ 
Association (RETMA) and the American Standards Association (ASA) are 
active in the commercial field. Electron-tube standardization is nandled by 
the Joint Electron Tube Engineering Council (JETEC), a cooperative effort 
of RETMA and the National Electrical Manufacturers Association (NEMA). 


Military (MIL) standards are issued by the U. S. Department of Defense or 
one of its agencies such as the Armed Services Electro-Standards Agency 
(ASESA). 


These organizations establish standards for electronic components or parts 
(and in some cases, for equipments) for the purpose of providing: inter- 
changeability among different manufacturers’ products as to size, per- 
formance, and identification; minimum number of sizes and designs; uniform 
testing of products for acceptance; and minimum manufacturing costs. In 
this chapter is presented a brief outline of the requirements, characteristics, 
and designations for the major types of component parts used in electronic 
equipment. 


Color coding 


The color code of Fig. 1 is used for marking electronic components. 


Fig. 1—Standard electronics-industry color code. 


significant decimal tolerance voltage character- 

color figure multiplier in percent* rating istic 
Black 0 1 +20 (M) — A 
Brown 1 10 =o 100 B 
Red 2 100 22 {G) 200 Cc 
Orange 3 1,000 +3 300 D 
Yellow 4 10,000 GMVt 400 E 
Green § 100,000 +5f 500 F 
Blue 6 1,000,000 +6 600 G 
Violet 7 10,000,000 +12.5 700 - 
Gray 8 0.01F +30 800 | 
White 9 0.1T +10T 900 J 
Gold _ 0.1 +5°(J) 1000 - 
Silver - 0.01 +10 (K) 2000 - 
No color - me ==20 500 - 


* Letter symbol is used at end of type designations in RETMA standards and MIL specifications 
to indicate tolerance. +3, +6, +12.5, and +30 percent are tolerances for ASA 40-, 20-, 
10-, and 5-step series. 

T Optional coding where metallic pigments are undesirable. 

} GMV is —0-to-+100-percent tolerance or Guaranteed Minimum Value. 
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Standards in general continued 


Tolerance 


The maximum deviation allowed from the specified nominal value is known 
as the tolerance. It is usually given as a percentage of the nominal value, 
though for very, small capacitors, the tolerance may be specified in micro- 
microfarads (uyf). For critical applications it is important to specify the 
permissible tolerance; where no tolerance is specified, components are 
likely to vary by +20 percent from the nominal value. 


Preferred values 


To maintain an orderly progression of sizes, preferred numbers are fre- 
quently used for the nominal values. A further advantage is that all com- 
ponents manufactured are salable as one or another of the preferred values. 
Each preferred value differs from its predecessor by a constant multiplier, 
and the final result is conveniently rounded to two significant figures. 


The ASA has adopted as an ‘‘American Standard” a series of preferred 


numbers based on V/10 and V/10 as listed in Fig. 2. This series has been 
widely used for fixed wire-wound power-type resistors and for time-delay 
fuses. 


Because of the established practice of +20-, +10-, and +5-percent 
tolerances in the electronics-component industry, a series of values based on 


V 10, ¥/10, and 10 has been adopted by the RETMA and is widely used 
for small electronics components, as fixed composition resistors and fixed 


ceramic, mica, and molded paper capacitors. These values are listed in 
alone. 


Voltage rating 


Distinction must be made between the breakdown-voltage rating (test volts) 
and the working-voltage rating. The maximum voltage that may be applied 
(usually continuously) over a long period of time without causing failure 
of the component determines the working-voltage rating. Application of the 
test voltage for more than a very few minutes, or even repeated applications 
of short duration, may result in permanent damage or failure of the com- 
ponent. 


Characteristic 


This term is frequently used to include various qualities of a component 
such as temperature coefficient of capacitance or resistance, Q value, 
maximum permissible operating termperature, stability when subjected to 
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Standards in general continued 


repeated cycles of high and low temperature, and deterioration experienced 
when the component is subjected to moisture either as humidity or water 
immersion. One or two letters are assigned in RETMA or MIL type designa- 
tions, and the characteristic may be indicated by color,coding on the 
component. An explanation of the characteristics applicable to a component 
will be found in the following sections covering that component. 


Fig. 2—ASA and RETMA preferred values. The RETMA series is standard in the electronics 
industry. 


| American Standard | RETMA standard* 
Name of series a Os +20% +10% +5% 
Percent step size 60 25 == 40 20 10 
Step multiplier | 4/10 = 1.58] 4/10 = 1.26 | ¥/10 = 1.46 | ¥/10 = 1.21 | 4/10 = 1.10 
Values in the 
series 10 10 10 10 10 
- eB S " VW 
- (12) - 12 12 
- - - - 13 
~ - 15 15 15 
16 16 - - 16 
- - - 18 18 
os 20 - - 20 
~ — 22 22 22 
- - - - 24 
25 25 - - - 
- - - 27 27 
- oh = = 30 
~ (32) - - - 
- - 33 33 33 
~ - - - 36 
- - ~ 39 39 
40 40 ~ - ~ 
- - - ~ 43 
- - 47 47 47 
i 50 — = = 
~ ~ - - 51 
~ - - 56 56 
- - ~ - 62 
63 63 - - - 
- - 68 68 68 
~ - - - 75 
a 80 a es = 
- - - 82 82 
- - - - 91 
100 100 100 100 100 


* Use decimal multipliers for smaller and larger values. Associate the tolerance +20%, +10%, 
or +5% only with the values listed in the corresponding column: Thus, 1200 ohms may be 
either +10 or +5, but not +20 percent; 750 ohms may be -£5, but neither +20 nor +10 
percent. 
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Resistors—fixed composition 


Color code 


RETMA-standard and Mil-specification requirements for color coding of 
fixed composition resistors are identical (Fig. 3). The exterior body color 
of insulated axial-lead composition resistors is usually tan, but other colors, 
except black, are permitted. Noninsulated, axial-lead composition resistors 
have a black body color. Radial-lead composition resistors may have a body 
color representing the first significant figure of the resistance value. 


APIS 
COKIN 
oreererens 


D D 
axial | radial 
leads color leads 
Band A Indicates first significant figure of resistance value in ohms | Body A 
Band B Indicates second significant figure | End B 
Band C Indicates decimal multiplier | Band C or dot 
Band D If any, indicates tolerance in percent about nominal resistance Band D 


value. If no color appears here, tolerance is + 20% 


Fig. 3—Resistor color coding. Colors of Fig. 1 determine values. 


Examples: Code of Fig. 1 determines resistor values. Examples are 


band designation 


resistance in ohms 


A | B Cc D 


and tolerance 
3300 + 20% Orange | Orange Red Black or no band 
$10 +5% Green Brown Brown Gold 
1.8 megohms + 10% Brown Gray Green Silver 


Tolerance 


Standard resistors are furnished in +20-, +10-, and +5-percent tolerances, 
and in the preferred-value series previously tabulated. “Even” values, such 
as 50,000 ohms, may be found in old equipment, but they are seldom used 
jn new designs. 
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Resistors—fixed composition continued 


Temperature and voltage coefficients 


Resistors are rated for maximum wattage at an ambient temperature of 
40 or 70 degrees centigrade; above these temperatures it is necessary to 
Operate at reduced wattage ratings. Resistance values are found to be a 
function of voltage as well as temperature; current MIL specifications allow 
a maximum voltage coefficient of 0.035 percent/volt for 4- and 4-watt 
ratings, and 0.02 percent/volt for larger ratings. Specification MIL-R-11A 
permits a resistance—temperature characteristic as in Fig. 4. 


Fig. 4—Temperature coefficient of resistance. 


charac- percent maximum allowable change from resistance 
teristic at 25 degrees centigrade 
Nominal 0 > 1000 > 10,000 | >0.1 meg} >1 meg | >10 meg 
resistance to to to to to to 
in ohms 1000 10,000 0.1 meg 1.0 meg 10 meg 100 meg 
At —55 deg 
Rant cmbient F 6.5 +10 13 == 20) 26 4°35 
At +105 deg 
Peninmnioat F +5 +6 +-/:5 +10 +18 +22 


The separate effects of exposure to high humidity, salt-water immersion 
(applied to immersion-proof resistors only), and a 1000-hour rated-load 
life test should not exceed a 10-percent change in the resistance value. 
Soldering the resistor in place may cause a maximum resistance change of 
=E3 percent. Simple temperature cycling between —55 and +85 degrees 
centigrade for 5 cycles should not change the resistance value as measured 
at 25 degrees centigrade by more than 2 percent. The above summary of 
‘composition-resistor performance indicates that tolerances closer than 
<E5 percent may not be satisfactorily maintained in service; for a critical 
application, other types of small resistors should be employed. 


Resistors—fixed wire wound low power types 


Color coding 


Small wire-wound resistors in $-, 1-, or 2-watt ratings may be color coded as 
described in Fig. 3 for insulated composition resistors, but band A will be 
twice the width of the other bands. 
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Resistors—fixed wire wound low power types continued 
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Maximum resistance 


For reliable continuous operation, it is recommended that the resistance 
wire used in the manufacture of these resistors be not less than 0.0015 inch 
in diameter. This limits the maximum resistance available in a given physical 
size Or wattage rating as follows: 


4-watt: 470 ohms 1-watt: 2200 ohms 2-watt: 3300 ohms 


Wattage 


Wattage ratings are determined for a temperature rise of 70 degrees in 
free air at a 40-degree-centigrade ambient. If the resistor is mounted in a 
confined area, or may be required to operate in higher ambient tempera- 
tures, the allowable dissipation must be reduced. 


Temperature coefficient 


The temperature coefficient of resistance over the range —55 to +110 de- 
grees, referred to 25 degrees centigrade, may have maximums as follows: 


value | RETMA | MIL 
Above 10 ohms + 0.025 percent/°C + 0.030 percent/°C 
10 ohms or less + 0.15 percent/°C + 0.065 percent/°C 


Stability of these resistors is somewhat better than that of composition 
resistors, and they may be preferred except where a noninductive resistor 
is required. 


Resistors—fixed film 


Film-type resistors employ a thin layer of resistive material deposited on an 
insulating core. The low-power types are more stable than the usual 
composition resistors. Except for high-precision requirements, film-type 
resistors are a good alternative for accurate wire-wound resistors, being 
both smaller and less expensive. 


The power types are similar in size and performance to conventional wire- 
wound power resistors. While their 200-degree-centigrade maximum 
operating temperature limits the power rating, the maximum resistance value 
available for a given physical size is much higher than that of the corre- 
sponding wire-wound resistor. 
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Resistors—fixed film continued 


Construction 


For low-resistance values, a continuous film is applied to the core, a range 
of values being obtained by varying the film thickness. Higher resistances 
are achieved by the use of a spiral pattern, a coarse spiral for intermediate 
values and a fine spiral for high resistance. Thus, the inductance is greater 
in high values, but it is likely to be far less than in wire-wound resistors. 
Special high-frequency units having greatly reduced inductance are 
available. 


Resistive films 


Resistive-material films currently used are microcrystalline carbon, boron— 
carbon, and various metallic oxides or precious metals. 


Deposited-carbon resistors have a negative temperature coefficient of 
0.01 to 0.05 percent/degree centigrade for low-resistance values and 
somewhat larger for higher values. Cumulative permanent resistance changes 
of 1 to 5 percent may result from soldering, overload, low-temperature 
exposure, and aging. Additional changes up to 5 percent are possible from 
moisture penetration and cyclic temperatures. 


The introduction of a small percentage of boron in the deposited-carbon 
film results in a more stable unit. A negative temperature coefficient of 
0.005 to 0.02 percent/degree centigrade is typical. Similarly, a metallic 
dispersion in the carbon film provides a negative coefficient of 0.015 to 
0.03 percent/degree centigrade. In other respects, these materials are 
similar to standard deposited carbon. Carbon and boron-carbon resistive 
elements have the highest random noise of the film-type resistors. 


Metallic oxide and precious-metal-alloy films permit higher operating 
temperatures. Their noise characteristics are excellent. Temperature 
coefficients are predominantly positive, varying from 0.03 to as little as 
0.0025 percent/degree centigrade. 


Applications 


Power ratings of film resistors are based on continuous direct-current or 
on root-mean-square operation. Power derating is necessary for the 
standard units above 40 degrees centigrade; for hermetically-sealed 
resistors, above 70 degrees centigrade. In pulse applications, the power 
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dissipated during each pulse and the pulse duration are more significant 
than average power conditions. Short high-power pulses may cause instan- 
taneous local heating sufficient to alter or destroy the film. Excessive peak 
voltages may result in flashover between turns of the film element. Derating 
under these conditions must be determined experimentally. 


Film resistors are fairly stable up to about 10 megacycles. Because of the 
extremely thin resistive film, skin effect is small. At frequencies above 10 
megacycles, it is advisable to use only unspiraled units if inductive effects 
are to be minimized (these are available in low resistance values only). 


Under extreme exposure, deposited-carbon resistors deteriorate rapidly 
unless the element is protected. Encapsulated or hermetically sealed units are 
preferred for such applications. Open-circuiting in storage as the result 
of corrosion under the end-caps is frequently reported in all types of film 
resistors. Silver-plated caps and core-ends effectively overcome this 
problem. 


Capacitors—fixed ceramic 


Ceramic-dielectric capacitors of one grade are used for temperature com- 
pensation of tuned circuits and have many other applications. In certain 
styles, if the temperature coefficient is unimportant l(i.e., general-purpose 
applications), they are competitive with mica capacitors. Another grade of 
ceramic capacitors offers the advantage of very high capacitance in a small 
physical volume; unfortunately this grade has other properties that limit its 
use to noncritical applications such as bypassing. 


Color code 


If the capacitance tolerance and temperature coefficient are not printed 
on the capacitor body (Fig. 5), the color code of Fig. 6 may be used. 


RI CC 20 CH100K 


RETMA class ni tabiea” 3 feeeen tolerance on capacitance 
number of zeros BAIA d hae 
significant figures x 


tolerance on temperature coefficient 
style (case size) temperature coefficient 


ceramic capacitor 


Fig. 5—Type designation for ceramic capacitors. RETMA class is omitted on MiIL- 
specification capacitors. 
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temperature coeffi- 
cient—band or dot 
at inner-electrode 


end 


axial lead 


’ 
alternate radial lead — eee 


color 


Black 
Brown 
Red 


Orange 
Yellow 
Green 


Blue 
Violet 
Gray 


White 


Silver 


significant 
figure 


Oo ONAB aDAFWO N—O 


decimal 
multiplier 


1 
10 
100 


continued 


capacitance tolerance 


in percent 
(C > 10 wf) 


+20 (M) 


= 1 (6) 
a2 1G) 


+5 (J) 


in uuf 
(C < 10 puf) 


2.0 (G) 
0.1 (B) 


=£0.5 (D) 
+£0.25 (C) 
1.0 (F) 


first significant figure 
second significant figure 
decimal multiplier 
capacitance tolerance 


femperature 
coefficient in 
parts /million/°C 


0 (C) 
— 30 (H) 
= 80 {8 


— 150 tP) 
— 220 {R) 
— 3300S) 


— 470 (T) 
—750 (U) 
“1-30 


+100 to —750 
(RETMA general 
purpose) 

See Fig. 7, 
(RETMA class 4) 


Note: Letters in parentheses are used in type designations described in Fig. 5. 


Fig. 6—Color code for fixed ceramic capacitors. 


Capacitance and capacitance tolerance 


Preferred-number values on RETMA and MIL specifications are standard for 
capacitors above 10 micromicrofarads (uuf). The physical size of a capacitor 
is determined by its capacitance, its temperature coefficient, and its class. 
Note that the capacitance tolerance is expressed in pyf for nominal 
capacitance values below lOuuf and in percent for nominal capacitance 
values of 10 wyf and larger. 


Temperature coefficient 


The change in capacitance per unit capacitance per degree centigrade 
is the temperature coefficient, usually expressed in parts per million parts 
per degree centigrade (ppm/°C). Preferred temperature coefficients are 
those listed in Fig. 6. 
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Temperature-coefficient tolerance: Because of the nonlinear nature of the 
temperature coefficient, specification of the tolerance requires a statement 
of the temperature range over which it is to be measured (usually —55 to 
+85 degrees centigrade, or +25 to +85 degrees centigrade), and a 


Fig. 7—Quality of fixed ceramic capacitors. Summary of test requirements. 


RETMA class 
specification 
MIL=C=20 1 | 2 | 3 | 4 
Minimum initial insulation re- 
sistance in megohms >7500 7500 
Minimum Q for C > 30 uuf 
(See Fig. 8 for smaller C) > 1000 1000 500 350 250 
Maximum allowable capaci- 
tance drift with tempera- 0.2% 
ture cycling (percent or or 0.3% or 0.25 upf _— 
buf, whichever is greater) 0.25 uf 
Maximum capacitance change 
in percent over range — 55 os —_ — — +25 
to + 85C 
Working voltage = sum of 
de and peak ac — 500 350 
Humidity test 100 hours exposure at 40°C, 95% relative humidity 
1000 hours, 
750 vde plus 
Life test at 85°C 250 vac at 1000 hours, 1000 volts 1000 hours, 
750 volts 
100 cycles 
or less 
Minimum Q 
After (C > 30 uufl | > 4 initial limits 350 170 50 
humidity © |_—- A _ |] ii 
test or Minimum insula- 
life test tion resistance > 1000 1000 100 
in megohms 
: Maximum 
After life capacitance 1% 1% or 0.5 ppt 
test 
change 
Temperature compen- | Intermediate High-capacitance 
eee sation; stable, general- | quality general-purpose, 
Application purpose uses noncritical uses 
only 


Volume efficiency (uuf/inch®) Low low High 
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statement of the measuring procedure to be employed. Standard tolerances 
based on +25 to +85 degrees centigrade are symmetrical: 


Tolerance in ppm/°C | +15 | +30 | +60 | +120 | +250 | +500 
Code “ree Gir ey a” 1 iK 


The smaller tolerances can be supplied only for capacitors of 10 wuf or 
larger, and only for the smaller temperature coefficients. 


Quality 


Insulation resistance, internal loss 
(conveniently expressed in terms 
of Q), capacitance drift with tem- 
perature cycling, together with 
the permissible effects of humidity 
and accelerated life tests, are 
summarized in Fig. 7. These data 2 
will be a guide to the proba- Oo 5 10 15 20 25 30 35 40 
ble performance under favorable nominal capacitance in wyf 


or moderately severe ambient Fig, 8—Minimum Q requirements for ceramic 
conditions. capacitors where capacitance <30 yyf. 


minimum Q 


Genera!-purpose ceramic capacitors 


Ceramic materials suitable for temperature-compensating capacitors must 
have nearly linear temperature characteristics in the operating tem- 
perature range and high dielectric properties. Only low- and medium-K 
(dielectric-constant) ceramics meet these limitations. 


For many circuit applications, nonlinear capacitance-temperature char 
acteristics and power factors of 1 to 2 percent are not objectionable. 
Capacitors having high-K ceramic bodies (up to K=6000) fall in this class. 
The high dielectric constant results in an extremely small unit. Generally, 


the higher the K, the greater the nonlinearity and the greater the power 
factor. 


Six basic styles are manufactured. In lead-mounted types, tubular and disc 
configurations are available. Feedthrough and standoff types are made in 
both tubular and discoidal constructions. 


Inductance in the leads and element causes parallel resonance in the 
megacycle region. The user is advised to exercise care in their application 
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above about 50 megacycles for tubular styles and about 500 megacycles 
for disc types. Precise frequency limits cannot be cited because of the inde- 
terminate inductive effects of lead length, lead dress, and variations in 
construction. 


Capacitors—molded mica dielectric 
EE RL EIST TNL ERY REA CBA SES NTE ONE RET SEC EEN 


Type designation 


Small fixed mica capacitors in molded plastic cases are manufactured to 
performance standards established by the RETMA or in accordance with 
a MIL specification. A comprehensive numbering system, the type designation, 
is used to identify the component. The mica-capacitor type designations 
are of the form shown in Fig 9. 


wan 


RETMA component case RETMA class or capacitance tolerance 
prefix MIL characteristic 


0 M 


Fig. 9—Type designation for mica-dielectric capacitors. 


Component designation: Fixed mica-dielectric capacitors are identified by 
the symbol CM for MIL specification, or RCM for RETMA standard. 


Case designation: The case designation is a two-digit symbol that identifies 
a particular case size and shape. 


Characteristic: The MIL characteristic or RETMA class is indicated by a single 
letter in accordance with Fig. 10. 


Capacitance value: The nominal capacitance value in micromicrofarads is 
indicated by a 3-digit number. The first two digits are the first two digits of 
the capacitance value in micromicrofarads. The final digit specifies the 
number of zeros that follow the first two digits. If more than two significant 
figures are required, additional digits may be used, the last digit always indi- 
cating the number of zeros. 
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Capacitance tolerance: The symmetrical capacitance tolerance in percent 
is designated by a letter as shown in Fig. 1. 
Color coding 


The significance of the various colored dots for RETMA-standard and MIL- 
specification mica capacitors is explained by Fig. 12. The meaning of each 
color may be interpreted from Fig. 1. 


Fig. 10—Fixed-mica-capacitor requirements by MIL characteristic and RETMA class. * 


| MiL=specification requirements{ | RETMA=standard requirements 
maximum maximum minimum 
MIL char | maximum range of range of insulation 
or capacifance| temperature maximum | femperature | resistance 
RETMA drift in coefficient | minimum | capacitance | coefficient in minimum 
class percent (ppm/°C) ft Q drift (ppm/°C){t | megohms Q 
30% of 
A _ —_ (5% + +1000 3000 RETMA 
1 pus) value 
in Fig. 11 
B — — so (3% = +500 
=-2 1 pyf) ot 
Fn el = 
Cc +0.5 +200 $832 | +05% + +200 oe 
5 = 3 0.5 pp) e S 
rand Paices a eee Td [SEL RTE TSP To} 
I se = Sus | +03% + —50 to 2 
~Or 0.2 ppfi +150 6000 Lo 
a | ==> 
ae Spee POLS Moen | enor Rey 
D + 0.3 +100 SSo | +103%+ +100 w= 
the a 0.1 pf) Meo 
g2 3 |} —___|______ =e 
J = oS Noe | +(0.2% + —50 to Bo 
0.2 puf) +100 a 
Da a ty Rite OE SE AE | ten ee RTS Ee oa 
oa 
E + (0.1% + | —20 to +100 + (0.1% + —20 to no 
0.1 puf) 0.1 ppfl +100 
F + (0.05% +| Oto +70 — a —_ — 
0.1 wyf) 


* Where no data are given, such characteristics are not included in that particular standard. 
{ Insulation resistance of all MIL capa- 


citors must exceed 7500 megohms. eae 

t ppm/°C = parts/million/degree centi- 2 

grade. ‘ez 1000 
€ 


Fig. 11—Minimum Q versus capacitance 
for MIL mica capacitors (Q measured at 
1.0 megacycle), and for RETMA mica 
capacitors (Q measured at 0.5 to 1.5 
megacycles). 


°5 10 100 1,000 10,000 47,000 
capacitance in pf 
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MIL mica—black 
RETMA mica—white 


first significant figure 


second significant figure 


MIL characteristic 
or RETMA class 


decimal multiplier 
tolerance 


Fig. 12—Standard code for fixed mica capacitors. See color code, Fig. 1. 


Examples 
fop row bottom row 
tolerance | mulftiplier 
type left center right left center right description 
RCM20A221M| white | red red black black | brown 220 puf + 20%, RETMA class A 
CM30C681 J black | blue gray red gold brown 680 uuf += 5%, characteristic C 
Capacitance 


Measured at 500 kilocycles for capacitors of 1000 pyf or smaller; larger 
capacitors are measured at | kilocycle. 


Temperature coefficient 


Measurements to determine the temperature coefficient of capacitance and 
the capacitance drift are based on one cycle over the following temperature 
values (all in degrees centigrade). 


MIL: » +-25,°—40, —10, +25, +45, +65, +85, +25 
RETMA: +25, —20, +25, +85, +25 


Dielectric strength 


Molded-mica capacitors are subjected to a test potential of twice their 
direct-current voltage rating. 


Humidity and thermal-shock resistance 


RETMA-standard capacitors must withstand a 120-hour humidity test: Five 
cycles of 16 hours at 40 degrees centigrade, 90-percent relative humidity, 
and 8 hours at standard ambient. Units must pass capacitance and dielectric- 
strength tests, but insulation resistance may be as low as 1000 megohms for 
class A, and 2000 megohms for other classes. 
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MIL specification capacitors must withstand 5 cycles of +25, +85, +25, 
—55, +25 degree-centigrade thermal shock followed by 2 cycles of water 
immersion at +65 and +20 degrees centigrade. Units must pass capacitance 


and dielectric-strength tests, but insulation resistance may be as low as 
3000 megohms. 


Life 


Capacitors are given accelerated life tests at 85 degrees centigrade with 
150 percent of rated voltage applied. No failures are permitted before: 
1000 hours for MIL specification; or 500 hours for RETMA standard. 


Capacitors—fixed mica dielectric button style 


Color code 


“Button” mica capacitors are color coded in several different ways, of 
which the two most widely used methods are shown in Fig. 13. 


og 5 aie identifier (black) 
third figure multiplier 


first figure 


sib lhe & e es StenKe Gia-second figure 
B a 
first figure : characteristic 


d aged El 

a 
~ i Wy, 4 multiplier 
@) wv % tolerance 


(20° min choracteristic 


Commercial method MIL method 


Fig. 13—Color coding of button-mica capacitors. See Fig. 1 for color code. Commercial 
color code for characteristic not standardized; varies with manufacturer. 


Characteristic 


The table of characteristics for button-style mica capacitors is given in 
Fig. 14. Insulation resistance after moisture-resistance test should be at 
least 100 megohms for characteristic X capacitors; at least 500 megohms 
for all other MIL or commercial characteristics. 
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Capacitors—fixed mica dielectric button style continued 


Initial Q values should exceed 500 for capacitors 5 to 50 uuf; 700 for capac- 
itors 51 to 100 pyf; and 1000 for capacitors 101 to 5000 pyf. Initial insulation 
resistance should exceed 10,000 megohms. Dielectric-strength tests should 
be made at twice rated voltage. 


Fig. 14—Requirements for button-style mica capacitors. 


characteristic 
max range of temp coeff | maximum capacitance 


MIL commercial (ppm/°C) drift 
= ‘e +200 +0.5% 
D or X — +100 +0.3% or 0.3 pu, 
whichever is greater 
— D +100 + 0.05 pu + (0.3% + 0.05 wuf) 
— E | (—20 to +100) + 0.05 wu | + (0.1% + 0.05 uyf 
— F (0 to +70) + 0.05 uuf on + (0.05% + 0.05 py) 


Thermal-shock and humidity tests 


These are commercial requirements. After 5 cycles of +25, —55, +85, 
+25 degrees centigrade, followed by 96 hours at 40 degrees centigrade 
and 95-percent relative humidity, capacitors should have an_ insulation 
resistance of at least 500 megohms; a Q of at least 70 percent of initial 
minimum requirements; a capacitance change of not more than 2 percent 
of initial value; and should pass the dielectric-strength test. 


Capacitors—impregnated paper dielectric 
(na DR LF EL EL ST EY 


The proper application of paper capacitors is a complex problem requiring 
consideration of the equipment duty cycle, desired capacitor life, ambient 
temperature, applied voltage and waveform, and the capacitor-impregnant 
characteristics. From the data below, a suitable capacitor rating may be 
determined for a specified life under normal use. 


Life—voltage and ambient temperature 


Normal paper-dielectric-capacitor voltage ratings are for an ambient 
temperature of 40 degrees centigrade, and provide a life expectancy of 
approximately 1 year continuous service. For ambient temperatures outside 
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chal ETN 
He EON 
A ES Ee 


40 


percent of 40°C direct-voltage rating 
percent of 40°C direct-voltage ratin 


40 60 80 100 
Gmbient temperoture in degrees centigrade 


120 140 40 60 


MIL specification RETMA standard 
MIL | watt-second voltage watt-second | voltage 
char rating rating curve rating rating curve 
> 50 All 1 > 50 1500 and 
over 
ome, f, | All 2 ee 
| 2000 and 
D 0.5-5 All, plus those ex- below 
F cluded from group i) 5-50 SS eee 
of curve 4 2500 and 
fe | | above 7 
0-0.5 1500 v and below— _ 
small cased tubular 0-5 All 
styles; 4 


1000 v and below— 
other styles 


0-0.8 600 v and below— 
small cased tubular 
K styles; 5 
400 v and below— 
other styles | 


CNN SSS SSS SSS SSS 


Fig. 15——Life-expectancy rating for paper capacitors as a function of ambient tem- 
perature. 
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the range 0 to +40 degrees centigrade, the applied voltage must be reduced 
in accordance with Fig. 15. 


The energy content of a capacitor may be found from 
W = CE?/2_ watt-seconds 

where 

C = capacitance in farads 


E = applied voltage in volts 


In multiple-section capacitors, the sum of the watt-second ratings should be 
used to determine the proper derating of the unit. 


Longer life in continuous service may be secured by operating at voltages 
lower than those determined from Fig. 15. Experiment has shown that 
the life of paper-dielectric capacitors having the usual oil or wax impreg- 
nants is approximately inversely proportional to the 5th power of the applied 
voltage: 


desired life in years (at ambient ~ 45°C) Pop ina pee ere to TOL. 8 
applied voltage in percent of rated voltage 1 OO tha BS E70: eh PS0R fp. a SS 


The above life derating is to be applied together with the ambient-tempera- 
ture derating to determine the adjusted-voltage rating of the paper capacitor 
for a specific application. 


Waveform 


Normal filter capacitors are rated for use with direct current. Where 
alternating voltages are present, the adjusted-voltage rating of the capacitor 
should be calculated as the sum of the direct voltage and the peak value 
of the alternating voltage. The alternating component must not exceed 
20 percent of the rating at 60 cycles, 15 percent at 120 cycles, 6 percent at 
1000 cycles, or 1 percent at 10,000 cycles. 


Where alternating-current rather than direct-current conditions govern, this 
fact must be included in the capacitor specification, and capacitors specially 
designed for alternating-current service should be procured. 


Where heavy transient or pulse currents are present, standard capacitors 
may not give satisfactory service unless an allowance is made for the 
unusual conditions. 
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Capacitor impregnants 


Fig. 16 lists the various impregnating materials in common use together 
with their distinguishing properties. At the bottom will be found recommenda- 
tions for application of capacitors according to their impregnating material. 


Insulation resistance 


For ordinary electronic circuits, the exact value of capacitor insulation 
resistance is unimportant. In many circuits little difference in performance is 
observed when the capacitor is shunted by a resistance as low as 5 megohms. 
In the very few applications where insulation resistance is important (e.g., 
some RC-coupled amplifiers), the capacitor value is usually small and 
megohm X microfarad products of 10 to 20 are adequate. 


The insulation resistance of a capacitor is a function of the impregnant; 
its departure from maximum value is an indication of the care taken in 
manufacture to avoid undesirable contamination of the impregnant. For 
example, if an askarel-impregnated capacitor has the same _ insulation 
resistance as a good castor-oil-impregnated capacitor of equal rating, the 
askarel impregnant is strongly contaminated, and the capacitor life will be 
considerably reduced. 


Measurements are made with potentials between 100 and 500 volts, and a 
maximum charging time of 2 minutes. 


Power factor 


This is a function of the capacitor impregnant. In most filter applications 
where a specified maximum capacitor impedance at a known frequency 
may not be exceeded, the determining factor is the capacitor reactance 
and not the power factor. A power factor of 14 percent will increase the 
impedance only 1] percent, a negligible amount. 


For alternating-current applications, however, the power factor determines 
the capacitor internal heating. Consideration must be given to the alternating 
voltage and the operating temperature. Power factor is a function of the 
voltage applied to the capacitor; any specification should include actual 
capacitor operating conditions, rather than arbitrary bridge-measurement 
conditions. 


For manufacturing purposes, power factor is measured at room temperature 
(=25 degrees centigrade), with 1000 cycles applied to capacitors of | uf 
or less, rated 3000 volts or less; and with 60 cycles applied to capacitors 
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larger than 1 pf, or rated higher than 3000 volts. Under these conditions 
the power factor should not exceed 1 percent. 


Temperature coefficient of capacitance 


Depending upon the impregnant characteristics, low temperature may cause 
an appreciable drop in capacitance. Due allowance for this must be made 
if low-temperature operation of the equipment is to be satisfactory. This 
temperature effect is nonlinear. 


Life tests 


Accelerated life tests run on paper capacitors are based on 250-hour 
operation at the high-ambient-temperature limit shown in Fig. 16 with an 
applied direct voltage determined by the watt-second and 40-degree- 
centigrade voltage ratings. 


Capacitors—metalized paper 
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When dielectric breakdown occurs in conventional paper—foil capacitors, 
conducting particles or carbonized areas in the paper establish conduction 
between the foils. Since the foils are capable of carrying substantial current, 
sustained conduction results, carbonizing a large area of paper, and 
permanently short-circuiting the capacitor. 


In the metalized-paper capacitor (construction shown in Fig. 17), the metallic 
film is extremely thin. On breakdown, this film immediately burns away, 
leaving the capacitor operable, but with slightly reduced capacitance. This 
phenomena results in self-healing capacitors. 


Minor defects (pin holes, thin 
spots, and conducting particles) 
are unavoidably present in all 
capacitor papers. Therefore, con- 


ventional paper capacitors em- 
ploy not less than two layers of 
paper. Since the metalized-paper 
types are self healing, a single 
layer may be used. Metalized- 
paper capacitors designed to 
Operate just below the dielectric- 
breakdown potential are appre- 
ciably smaller than conventional- 
construction paper capacitors. 


impregnant 


interleaved 

poper for 
higher 

voltages 


metallic film 


impregnant 


Conventional paper Metallized poper 


Fig. 17—Construction of conventional and 
metalized-type paper capacitors. 
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Characteristics 


Characteristics of metalized-paper capacitors may best be illustrated by 
comparing them with conventional paper capacitors. 


The space saving possible with metalized-paper capacitors is their out- 
standing characteristic. At 200-volts rating they are one-quarter the volume 


o 
o 
Se 
re) 
> 
mo) 
© 
© wox and mineral— 
c oil—metallized paper 
S 
8 i" 
ae conventional paper, 
8, +20 
c polyester resin 
£ — 
o +10 
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of conventional paper construction; at 600-volts rating, the ratio increases 
to 0.8. Above 600-volts rating, metalized-paper capacitors provide no size 
advantages. 


Electrical performance, including temperature characteristics, depends 
largely on the impregnant. Since an occasional arcover is normal, the 
impregnant must be one that does not break down as the result of arcing. 
This limits impregnants to mineral waxes and oils and, for high-temperature 
use, certain polyester resins. Except for upper-temperature operation, these 
impregnants give similar results. 
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The insulation resistance is significantly lower than that of paper—foil 
construction, being in the order of 500 megohm-microfarads, compared to 
6000 for paper-foil. Capacitance change at high- and low-temperature 
limits normally does not exceed 5 to 6 percent for mineral-wax- or oil- 
impregnated capacitors and 10 to 20 percent for polyester-resin-impregnated 
capacitors. The power factor at 1000 cycles/second is about 0.03 at low 
temperature and 0.01 to 0.02 at room temperature and above. For operation 
at elevated temperatures, voltage derating is recommended; see Fig. 18. 
The variation of capacitance and power factor is also indicated in Fig. 18. 


Applications 


Internal noise is probably the greatest deterrent to the general use of 
metalized-paper capacitors. This characteristic limits their use to bypassing 
and filtering. When operated at 75 percent of rated voltage, random 
arcing is negligible, but space advantage is less significant. 


To be sure that faults will burn out, it is important that sufficient volt-amperes 
be available in the circuit. Similarly, it is necessary to limit the resistance in 
series with the capacitor. Most faults have a resistance of between 1 and 
100 ohms. While a voltage of about 4 volts or a current of 10 milliamperes 
will eventually clear the capacitor, higher values are recommended for 
reliable performance. 


Capacitors—plastic film 


Where extreme-stability, low-loss, high-temperature, or high-frequency 
Operation is required, paper capacitors offer, at best, marginal performance. 
Mica capacitors in high-capacitance values are large and expensive. One 
Or more of these operating characteristics are obtainable in a superior 
degree, in certain of the plastic-film capacitors. Other plastic-film capacitors 
are practical for general use, because of space factor, price, and per- 
fermance under moderate conditions. 


Fig. 19 shows capacitance—-temperature and voltage-derating curves, while 
Fig. 20 lists general characteristics of the various film types. Since some 
conflict exists between sources, the information is conservatively stated. 
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CA 
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percent rated voltage 


percent capacitance change relative to 25°C value 


temperature in degrees centigrade 


Fig. 19—Top, voltage derating and below, capacitance variation as a function of tempera- 
ture for plastic-film capacitors, CA = cellulose acetate, MY = Mylar, PE = polyethylene, 
PS = polystyrene, and TE = Teflon. 
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Capacitors—plastic film continued 


Fig. 20—Characteristics of hermetically sealed plastic-film capacitors. 


cellulose poly- poly- | 
property acetate ethylene styrene Mylar | Teflon 
Operating temperature — 60 —60 == 9 — 60 —60 
range in °C to to to to to 
+105 +75 +85 +140 +200 
Relative Below 125 2.50 4.50 to 6.50 0.75 1.70 to 2.10 
size 1000 V 
compared |_| qx~— cro ———_— qx“ 
to paper Above | 0.80 to 0.85 | 0.50 to 0.75 — 0.30 to 0.35 | 0.70 to 1.60 
1000 V 
Voltage range in volts 600 to 1000 to 100 to 300 to 200 to 
30,000 30,000 1000 8000 30,000 
Insulation 25°C 4000 10° 3.5 x 107 105 2.5 x 10° 
resistance in. || | | | | 
megohms X High 10 104 4x 108 6.5 x 108 108 
microfarads temp 
Low 0.02 0.0003 0.0002 0.015 0.0005 
temp 
Power factor rr rn ener 
at 25°C 0.01 0.0005 0.0002 0.005 0.0005 
00 cycles/ ened Wamamanee sade) ‘cpmamermmmemmermen’ wate cueatueaen (na aiaecmna MneienEereee 
second High 0.01 0.001 0.00075 0.015 0.002 
temp 
Dielectric Low s) 0.01 to 0.02 0.05 0.5 0.01 to 0.05 
absorption temp 
in percent 1a (RNPRcgSeemiamesctimeraneat (URASAIEGE RRaRERR Raaial (Simei SenenmeeEaR (caneaniemnEen remem 
High — 0.3 0.35 to 1.1 8 — 
temp 
Normal life at 10,000 hrs | 10,000 hrs 2000 hrs 2000 hrs 10,000 hrs 
rated voltage at 85°C at 65°C at 75°C at 125°C | at 150°C 


Capacitors—electrolytic 


The electrolytic capacitor consists essentially of two electrodes immersed 
in an electrolyte with a chemical film that constitutes the dielectric on one 
(Fig. 21) or both electrodes. Extremely thin dielectric films are practical 
because of the substantial dielectric properties and the uniformity of this 
chemical layer. Since the electrolyte is conductive, the effective electrode 
spacing is small and the capacitance correspondingly large. An electrolytic 
capacitor is characterized by a very-high volume efficiency. 
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Construction 


The dielectric film, which is formed by applying a potential between 
electrodes, is unidirectional, having high resistance in one direction and 
being conductive in the other. Thus, when only one plate is “formed,” the 
capacitor is polarized and must be operated with one electrode positive 
with respect to the other. By forming both plates, a nonpolar unit results. 
This unit, because of the double film, has half the capacitance of the equiva- 
lent polar type. 


For a given case size, the capaci- 
cathode dielectric film anode 


tance can be increased by a factor electrode electrode 
of 2 to 4 by etching the formed $2298 2508 62553 0% 
f 998980 08S 880950 

electrode prior to assembly. By .~ Doge conducting oe ps 
sare ; 0962 electrolyte £989 
substituting metalized cloth gauze “esse oz0s0yo 
or a porous slug for the conven- WSZ0CO L8soSoeo 


tional foil electrode, similar results 
are obtained. These units are elec- pen 


trically inferior to plain foil (un- 


R, 


etched), having larger power factors, sa gaclestresininee 
: . (leads, electrodes, 
higher low-temperature impedances, andeietrolyis) Ro 
and greater capacitance change = leakage resistance 


of dielectric film 


with temperature. Fig. 21—Basie cell and simplified equiva- 


lent circuit for polar electrolytic capacitor. 


Types 


The ideal electrode metal is one whose dielectric film provdes perfect 
“valve” action; that is, has zero direct-current resistance in one direction 
and infinite resistance in the other. This metal must also be completely 
insoluble in the electrolyte and have h’gh conductivity. While not ideal, 
aluminum and tantalum approach these requirements, with tantalum being 
superior to aluminum. 


Aluminum-foil electrolytic capacitors have a space factor of approximately 
1/6 that of paper capacitors. For low voltages (under 100 volts), this space 
advantage is even greater. Single aluminum e ectrolytic ce'ls are practical 
up to 450 direct volts, above which cells must be used in series and the space 
factor then approaches that of paper capacitors. 


By using tantalum in place of aluminum, further size reduction is achieved, 
the space factor being only 1/20 that of paper capacitors. The performance 
of these exceeds the aluminum type in such characteristics as film stability, 
temperature range, leakage current, power factor, and life. 
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In one type of tantalum capacitor, foil construction and a neutral electrolyte 
are employed. These units will operate at temperatures up to 125 degrees 
centigrade and are available in polar and nonpolar types. A single cell is 
not practical above 150 volts. Their outstanding feature is the reduced 
possibility of leakage and danger of corrosion. 


Another type of tantalum electrolytic capacitor employs a porous slug of 
tantalum as the anode (formed electrode), the cathode being the silver- 
plated can. In these, sulphuric acid is the electrolyte. Only polar construction 
is feasible, with single-cell voltages up to about 80 volts. Because of the 
type of electrolyte, operation up to 175 degrees centigrade is possible, 
provided voltage is derated and a 

substantial life reduction can be 


tolerated. : 5 AW ai.-a0°c 
3 WA T0,-55°C 
A third type of tantalum capacitor 5 
has a coiled tantalum wire as the = 
anode. It is a low-voltage, polar S 
o 


device being useful primarily for 
microminiature assemblies where 
temperature fluctuations are small 
and operating conditions mode- 
rate. 


Performance 


Electrolytic capacitors have defi- 
nite limitations. Compared to 
other types of capacitors, losses 
are large (large leakage currents 
and high power factor). The 
capacitance change with temper- 
ature is large. With increasing 
frequency, the capacitance de- 
creases, while power factor be- 
comes greater. 


copacitive reactonce 


equivalent series resistance 


Fig. 22—Typical 120-cycle /second impedance 
diagrams for aluminum (Al) and tantalum 
(Ta) plain-foil polar electrolytic capacitors of 
At subzero temperatures, the series 150-volt rating at low, high, and room tem- 


resistance increases sharply while peratures. Resistance and reactance are 
: ‘ drawn to same arbitrary scale for all charts. 
capacitance falls off. (See Figs. 22 


and 23.) Thus, at low temperatures, 
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the impedance (Fig. 23) is substantially larger than at room temperature. Aside 
from electrical considerations, the freezing and boiling temperatures of 
the electrolyte determine absolute temperature limits. 


Referring to Fig. 21, Ri represents the lumped series resistance of leads, 
electrodes, and electrolyte. In a well-constructed unit, only the resistance 


capacitance in percent 


f 


6 ~ 
AIS PO 
roe 


impedance (arbitrary scale) 


high-temperature Ta 


Oe 
: ie [ea [ig Fe 7 ae 
-55 -40 -20 O 20 40 60 80 100 120 140 
temperature in degrees centigrade 


Fig. 23—Top, capacitance and below, 120-cycle/second impedance as a function of tem- 
perature for aluminum (Al) and tantalum (Ta) electrolytic capacitors. 
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of the electrolyte is significant. Resistance Re, which is many times greater 
than Ri, represents the leakage path through the imperfect dielectric. 


With direct voltage impressed on the capacitor, leakage current through 
Re accounts for practically all the internal heating. However, when an 
alternating-current component is present, the resultant charging current 
flowing through Ri generates additional heat in the electrolyte. The effect 
of ripple heating, therefore, is determined by the ripple current. Heat 
tolerance and heat dissipation (the latter, largely a factor of case size) 
determine ripple-current limits 


Applications 


Space factor and price account for the extensive use of electrolytic 
capacitors. Electrical performance usually limits electrolytic capacitors to 
circuit applications such as bypassing at power and audio frequencies where 
circuit requirements are satisfied by minimum rather than precise capacitance 
values. 


For the polar type, when operated within maximum ripple-current limits, the 
large power factor and associated losses generally present no problem. 
Except for some reduction in maximum operating temperature, the resultant 
internal heating is not serious However, for the nonpolar unit, internal 
heating, when operated in alternating-current circuits, limits the capacitor 
to an intermittant cycle. A duty cycle of twenty 3-second periods/hour is 
typical. 


The dielectric film is not completely stable, particularly in aluminum electro- 
lytics. Therefore, some film deterioration occurs in storage. When voltage 
is applied, the film reforms; but, while reforming, high leakage current 
flows. In extreme cases, the resultant heating may generate vapor and 
burst the case. 


Because of the film instability, extensive voltage derating of electrolytics 
is impractical. A 450-volt capacitor operated on 300 volts eventually becomes 
a 300-volt capacitor. Surge-voltage limitations must also be observed, since 
high leakage (and heating) will occur during surges. Where such limits may 
be exceeded, protective circuitry must be provided or another type of 
capacitor substituted. 


When these capacitors are used in series, it is imperative that equalizing 
resistors be provided. An equalizing resistor, shunted across each capacitor, 
prevents unequal voltage distribution across the capacitor chain. 
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Since the case is in contact with the electrolyte, there is a conducting path 
between the case and the element. This condition makes necessary external 
insulation between the case and the chassis, whenever the chassis and the 
negative terminal are not at the same potential. 


IF transformer frequencies! 
eR 


Recognized standard frequencies for receiver intermediate-frequency 
transformers are 


Standard broadcast (540 to 1600 kilocycles)........ 455, 260 kilocycles 
Standard broadcast (vehicular).............222--- 262.5 kilocycles 
Very-high-frequency broadcast...........-++++--- 10.7 megacycles 
Very-, ultra-, and super-high-frequency equipment. . . .30, 60, 100 megacycles (common practice) 
Televisions Sound: COREE 5) s.ca = tone afer ie tose ole ....41.25 megacycles 
DICTUre CGKMOIe. teint oh ete oe toeieisis ole 45.75 megacycles 


Color codes for transformer leads 
ASE ARETE EET SS 2S TI 


Radio power transformers? 


Primary Black General Use 
If tapped: Filament No. 1 Green 
Common Black Center tap Green-Yellow 
Tap Black-Yellow Filament No. 2 Brown 
Finish Black-Red Center tap Brown-Yellow 
Filament No. 3 Slate 
Rectifier ; Center tap Slate-Yellow 
Plate Red 
Center tap Red-Yellow 
Filament Yellow 
Center tap Yellow-Blue 


Intermediate-frequency transformers’ 


Primary For full-wave transformer: 

Plate Blue Second diode Violet 

B+ Red Old standard‘ is same as above, except: 
Secondary Grid return Black 

Grid or diode Green Second diode Green-Black 
Grid return White 


1 RETMA Standard REC—109-C. 
2 Old RMA Standard M4—505. 
3 RETMA Standard REC—114. 

£ Old RMA Standard M4—506. 
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A printed circuit consists of a conductive circuit pattern applied to one or 
both sides of an insulating base. Printed circuits have several advantages 
over conventional methods of assembly using chassis and wiring harnesses. 


Soldering is done in one operation instead of connection-by-connection. 


Uniformity: A more uniform product is produced because wiring errors are 
eliminated and because distributed capacitances are constant from one 
production unit to another. 


Automation: The printed-circuit method of construction lends itself to auto- 
matic assembly and testing machinery. 


Flexibility: The printed circuit consists of printed wiring but may also 
nclude printed components such as capacitors and inductors. Capacitors 
may be produced by printing conducting areas on opposite sides of the 
wiring board, using the board material as the dielectric. Spiral-type in- 
ductors may also be printed. Both types of components are illustrated in 
Fig. 24. 


Printed-circuit capacitor Printed-circuit inductor 


Fig. 24—Formation of reactive elements by printed-circuit methods. 


Printed-circuit base materials 


Printed-circuit base materials are available in thicknesses varying from 1/64 
to 1/2 inch. The important properties of the usual materials are tabulated 
in Fig. 25. For special applications, other laminates are available having base 
insulation of: 


a. Glass-cloth Teflon (polytetrafluoroethylene). 
b. Kel-F (polymonochlorotrifluoroethytene). 

c. Silicone rubber (flexible). 

d. Glass-mat—polyester-resin. 


The most widely used base material is NEMA-XXXP paper-base phenolic. 
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Fig. 25—Properties of typical printed-circuit dielectric base materials. 


abra- maxi- 
mois- sive mum 
me- ture are action | temper- 
material punch- | chanical | resist- insula- resist- on ature 
ability | strength ance tion ance tools in deg C 
NEMA type-P 
paper-base Good Good Poor Fair Poor No a 
phenolic 
NEMA type-XXXP 
paper-base Fair Good Good Good Fair No 125 
phenolic 
NEMA type-G5 
glass-cloth Fair Excellent | Poor* Good Good Yes 135 
melamine 
NEMA type-Gé 
glass-cloth Fair Good Good | Excellent} Good Yes 200 
silicone 
NEMA type-G7 
glass-cloth Fair Good Poor* | Excellent} Good Yes 200 
silicone 
Glass-cloth 
epoxy — — Excellent | Excellent} Good Yes 160 
resin 


* Along glass fibers. 


Conductor materials 


Conductor materials available are silver, brass, aluminum, and copper; 
copper is the most widely used. Laminates are available with copper foil 
on one or both sides and are furnished in the thicknesses of foil listed in 
Fig. 26. The current-carrying capacity in amperes for copper conductors 
1/16-inch wide are also listed in Fig. 26. 


Fig. 26—Weight of foil and current-carrying capacity. 


current-carrying capacity in amperes 


weight in 
inches thickness ounces /foot? for 10°C rise for 20°C rise for 40°C rise 
6 


0.0013 2 4 
0.0027 | 2 3.5 6 8 
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Manufacturing processes 
The most widely used production methods are: 


Etching process, wherein the desired circuit is printed on the metal-clad 
laminate by photographic, silk-screen, photo-offset, or other means, using 
an ink or lacquer resistant to the etching bath. The board is then placed in 
an etching bath that removes all of the unprotected metal (ferric chloride 
is a commonly used mordant for copper-clad laminates). After the etching 
is completed, the ink or lacquer is removed to leave the conducting pattern 
eyposed. 


Plating process, wherein the designed circuit pattern is printed on the unclad 
base material using an electrically conductive ink and, by electroplating, 
the conductor is built up to the desired thickness. This method lends itself 
to plating through punched holes in the board for the purpose of making 
connections from one side of the board to the other. 


Other processes, including metal spraying and die stamping. 


Circuit-board finishes 


Conductor protective finishes are required on the circuit pattern to improve 
shelf-storage life of the circuit boards and to facilitate soldering. Some of 
the most widely used finishes are: 


a. Hot-solder coating (done by dip-soldering in a solder bath) is a low-cost 
method and gives good results where coating thickness is not critical. 


b. Silver plating is used as a soldering aid but is subject to tarnishing and 
has a limited shelf life. 


¢. Hot-rolled or plated solder coat gives good solderability and uniform 
coating thickness. 


d. Other finishes for special purposes are: Gold plate for corrosion re- 
sistance and solderability and electroplated rhodium over nickel for wear 
resistance. Nonmetallic finishes, such as acrylic sprays and epoxy and 
silicone-resin coatings, are sometimes applied to circuit boards to improve 
moisture resistance. On two-sided circuit boards, where the possibility of 
components shorting out the circuit patterns exists, a thin sheet of insulating 
material is sometimes laminated over the circuit before the parts are 
inserted. 


110 CHAPTER 4 


Printed circuits continued 
RR OL EES 


Design considerations 


Diameter of punched holes in circuit boards should not be less than 2/3 the 
thickness of the base material. 


Distance between punched holes or between holes and the edge of the 
material should not be less than the material thickness. 


Punched-hole tolerance should not be less than +0.005 inch on the 
diameters. 


Hole sizes should be approximately 0.010 inch larger than the diameter of 
the wire to be inserted in the hole. 


Tolerances on fractional dimensions under 12 inches should not be less 
than +1/64 inch; over 12 inches, not less than -+-1/32 inch. Copper- 
conductor widths should not be less than 1/16 inch unless absolutely 
necessary. 


Conductor spacing should not be less than 1/16 inch unless absolutely 
necessary. In spacing conductors carrying high voltages, a good rule of 
thumb is to allow 5000 volts/inch for XXXP phenolic. 


Preparation of art work 


Workmanship: In preparing the master art work for printed circuits, careful 
workmanship and accuracy are important. When circuits are reproduced 
by photographic means, considerable retouching time is saved if care is 
taken with the original art work. 


Materials: Art work should be prepared on a dimensionally stable glass- 
cloth tracing cloth using a good grade of permanent black ink. Where 
tolerances will permit, a less stable material such as good-quality tracing 
paper or high-grade bristol board may be used for the art work. 


Scale: Art work should be prepared to a 
scale that is two to five times oversize. 
Photographic reduction to final negative 
size should be possible, however, in one 
step. 
‘ good poor 
Bends: Avoid the use of sharp corners when Fig)! 27—-Proper’ design onibends 
laying out the circuit. See Fig. 27. for printed-circuit conductors. 
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Holes to be drilled or punched in the circuit board should have their centers 
indicated by a circle of 1/32-inch diameter (final size after reduction). See 
Fig. 26. 


@Qemsanems 


Fig. 28—Indication for hole. 


Registration of reverse side: When drawing the second side of a printed 
circuit board, corresponding centers should be taken directly from the 
back of the drawing of the first side. 


Reference marks: In addition to the illustration of the circuit pattern, the 
trim line, registration marks, and two scale dimensions at right angles should 
be shown. Nomenclature, reference designations, operating instructions, 
and other information may also be added. 


Assembly 


All components should be inserted on one side of the board if practicable. 
In the case of boards with the circuit on one side only, the components 
should be inserted on the side opposite the circuit. This allows all connec- 
tions to be soldered simultaneously by dip-soldering. 


Dip-soldering consists of applying a flux, usually a rosin—alcohol mixture, 
to the circuit pattern and then placing the board in contact with molten 
solder. Slight agitation of the board will insure good fillets around the wire 
leads. A five-second dip in a 60/40 tin-lead solder bath maintained at a 
temperature of 450 degrees fahrenheit will give satisfactory results. 


After solder-dipping, the residual flux should be removed by a_ suitable 
solvent. 
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Inductance of single-layer solenoids* 
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The approximate value of the low-frequency inductance of a single-layer 
solenoid ist 


L = Fn?d microhenries 

where 

F = form factor, a function of the ratio d//. Value of F may be read from 
the accompanying chart, Fig. 1. 


n = number of turns 
d = diameter of coil (inches), between centers of conductors 
1 = length of coil (inches) 

= n times the distance between centers of adjacent turns. 


The formula is based on the assumption of a uniform current sheet, but the 
correction due to the use of spaced round wires is usually negligible for 
practical purposes. For higher frequencies, skin effect alters the inductance 
slightly. This effect is not readily calculated, but is often negligibly small. 
However, it must be borne in mind that the formula gives approximately the 
true value of inductance. In contrast, the apparent value is affected by the 
shunting effect of the distributed capacitance of the coil. 


Example: Required a coil of 100 microhenries inductance, wound on a 
form 2 inches diameter by 2 inches winding length. Then d/J = 1.00, and 
Fi =.0.01/7.3;inFig.4. 


eam sop il es wy = 54 turns 
Fd OO SCZ 


Reference to magnet-wire data, Fig. 2, will assist in choosing a desirable 
size of wire, allowing for a suitable spacing between turns according to the 
application of the coil. A slight correction may then be made for the in- 
creased diameter (diameter of form plus two times radius of wire), if this 
small correction seems justified. 


Approximate formula 


For single-layer solenoids of the proportions normally used in radio work, 
the inductance is given to an accuracy of about | percent by 


2 
<= ane ok 101 microhenries 
where r = d/2. 


* Calculation of copper losses in single-layer solenoids is treated in F. E. Terman, “Radio 
Engineers Handbook,” Ist edition, McGraw-Hill Book Company, Inc., New York, N. Y.; 1943: 
pp. 77-80. 


+ Formulas and chart (Fig. 1) derived from equations and tables in Bureau of Standards Circular 
No. C74, 
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Inductance of single-layer solenoids = continued | 
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For solenoids where the 
diameter/length is less than 
0.02, use the formula 


F = 0.0250 diameter 
length 


s° Fig. 1—Inductance of a single-layer solenoid, form factor = F. 
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General remarks 


In the use of various charts, tables, and calculators for designing inductors, 
the following relationships are useful in extending the range of the devices. 
They apply to coils of any type or design. 


a. If all dimensions are held constant, inductance is proportional to n?2. 


b. If the proportions of the coil remain unchanged, then for a given number 
of turns the inductance is proportional to the dimensions of the coil. A 


Fig. 2—Magnet-wire data. 


bare Sicencm bare | enameled 
AWG| nom nom | SCC* | DCC* | SCE* | SSC* | DSC* | SSE* 
B&S/| diam | diam | diam | diam | diam | diam | diam | diam min max min | diam* 
gauge|_ in in in... in in in in in diam | diam | diam in 


inches | inches | inches | inches | inches | inches | inches | inches inches | inches | inches | inches 


_ -1009 | .1029 | .1024 | .1044 
0898 | .0917 }| .0913 | .0932 
_— 0800 | .0816 | .0814 | .0832 


10 OTD | TOSS 1079 9) 29" 1 24104 
WW 0907 | .0927 | .0957 | .1002 | .0982 
12 0808 | .0827 | .0858 | .0903 | .0882 


— — 0712 | .0727 | .0726 | .0743 
= = 0634 | .0647 | .0648 | .0664 
0611 0613 | .0565 | .0576 | .0578 | .0593 


0548 | .0549 | .0503 | .0513 | .0515 | .0529 
0493 | .0493 } .0448 | .0457 | .0460 | .0473 
0443 | .0442 | .0399 | .0407 | .0410 | .0422 


0399 | .0398 | .0355 | .0363 | .0366 | .0378 
0360 | .0358 | .0316 | .0323 }| .0326 | .0338 
0325 | .0323 | .0282 | .0287 | .0292 | .0303 


13 0720 | .0738 | .0770 | .0815 | .0793 
14 0641] 0659 | .0691 0736 | .0714 
15 .0571 0588 | .0621 0666 | .0643 


16 0508 | .0524 | .0558 | .0603 | .0579 
17 0453 | .0469 | .0503 | .0548 | .0523 
18 0403 | .0418 | .0453 | .0498 | .0472 


19 | .0359 | .0374 | .0409 | .0454 | .0428 
20 | .0320 | .0334 | .0370 | .0415 | .0388 
21 0285 | .0299 | .0335 | .0380 | .0353 


0293 | .0290 } .025] 0256 | .0261 .0270 
0266 | .0262 | .0223 | .0228 | .0232 | .0242 
0241 0236 | .0199 | .0203 | .0208 | .0216 


22 | .0253 | .0266 | .0303 | .0343 | .0320 
23 0226 | .0238 | .0276 | .0316 | .0292 
24 | .0201 0213 | .0251 0291 0266 


25 0179 | .0190 | .0224 | .0264 | .0238 
26 0159 | .0169 | .0204 | .0244 | .0217 
27 0142 | .0152 | .0187 | .0227 | .0200 


0219 | .0213 | .0177 | .0181 0186 | .0193 
0199 | .0192 | .0158 | .0161 0166 | .0172 
0182 | .0175 | .0141 0144 | .0149 | .0155 


: : 0125 | .0128 | .0132 | .0138 
0153 | .0145 | .0112 | .0114 | .0119 | .0125 
0140 | .0131 0099 |} .O101 0105 | .0111 


28 0126 | .0135 | .0171 0211 .0183 
29 + /,0113: {...0122 1. 0158 | 0198 “Ww..0170 
30 | .0100 | .0108 | .0145 | .0185 | .0156 


31 0089 | .0097 | .0134 | .0174 | .0144 
32 | .0080 | .0088 | .0125 | .0165 | .0135 
33 | .0071 0078 | .0116 | .0156 | .0125 


0129 | .0119 | .0088 | .0090 | .0094 | .0099 
0120 | .0110 | .0079 | .0081 .0085 | .0090 
O11] 0100 | .0070 | .0072 | .0075 | .0080 


0103 | .0091 0062 | .0064 | .0067 | .0071 
0096 | .0083 | .0055 | .0057 | .0059 | .0063 
0090 | .0077 | .0049 | .0051 0053 | .0057 


34 0063 | .0069 | .0108 | .0148 | .0116 
35 | .0056 | .0061 0101 0141 0108 
36 0050 | .0055 | .0090 | .0130 | .0097 


37 | .0045 | .0049 | .0085 | .0125 | .0091 
38 | .0040 | .0044 | .0080 | .0120 | .0086 
39 | .0035 | .0038 | .0075 | .0115 | .0080 


0085 | .0071 0044 | .0046 | .0047 | .0051 
0080 | .0066 | .0039 | .0041 .0042 | .0046 
0075 | .0060 } .0034 | .0036 | .0036 | .0040 


.0071 0056 | .0030 | .0032 | .0032 | .0036 
_ 0027 | .0029 | .0029 | .0032 
0024 | .0026 } .0026 | .0029 


0021 | .0023 } .0023 | .0026 
0019 | .0021 § .0021 | .0024 


) (Sere. fevers) Cis) Soc Coe Gece Bee Sac fo) 
S SSS SSS Ges = 3]= === PSH BOS LRS S&S 
7] es fete ARS SIN OOO, NOR ao HAN SEM Oo S| | foal ed 
—= NOM O8FBO =—=OD  COn HWSO =awo Tow Bas XZ 
ro) 
oa 
oO 
= 
a 
oo 


* Nominal bare diameter plus maximum additions. 
For additional data on copper wire, see pp. 50-57 and p. 278. 
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Inductance of single-layer solenoids continued 
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coil with all dimensions m times those of a given coil (having the same num- 
ber of turns) has m times the inductance of the given coil. That is, inductance 


has the dimensions of length. 


Decrease of solenoid inductance by shielding* 


When a solenoid is enclosed in a cylindrical shield, the inductance 


* RCA Application Note No. 48; June 12, 1935. 
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By Permission of RCA, copyright proprietor. 


Fig. 3—Curves for determination of inductance decrease when a solenoid is shielded. 
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Inductance of single-layer solenoids — continued 
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duced by a factor given in the accompanying chart, Fig. 3. This effect has 
been evaluated by considering the shield to be a short-circuited single-turn 
secondary. The curves in Fig. 3 are reasonably accurate provided the 
clearance between each end of the coil winding and the corresponding 
end of the shield is at least equal to the radius of the coil. For square shield 
cans, take the equivalent shield diameter (for Fig. 3) as being 1.2 times 
the width of one side of the square. 


Example: let the coil winding length be 1.5 inches and its diameter OES 
inch, while the shield diameter is 1.25 inches. What is the reduction of 
inductance due to the shield? The proportions are 


(winding length) /(winding diameter) = 2.0 
(winding diameter) / (shield diameter) = 0.6 


Referring to Fig. 3, the actual inductance in the shield is 72 percent of 
the inductance of the coil in free space. 


Reactance charts 


Figs. 4, 5, and 6 give the relationships of capacitance, inductance, reactance, 
and frequency. Any one value may be determined in terms of two others by 
use of a straight edge laid across the correct chart for the frequency 
under consideration. 


Example: Given a capacitance of 0.001 yf, find the reactance at 50 kilo- 
cycles and inductance required to resonate. Place a straight edge through 
these values and read the intersections on the other scales, giving 3180 
ohms and 10.1 millihenries. See Fig. 5. 


FUNDAMENTALS OF NETWORKS ll/ 


Reactance charts continued 


inductance () reactance XL or XC capacitance C frequency f. 
» 4 wy 
v3 2000 
10 o | 1000 
1000 5 50 
; loo § 
500 200 & 
ne 500 
Bea alist een| 400 
200 0.00! 
0.002 300 
0.2 2 
oe Mee 0.005 
pee 0.01 200 
E 
50 0.05 0.02 
1590 
ano 0.05 
20 0.) 
Ol 100 
ae 0.2 
10 0.005 
0.5 x 
' Q 
‘ 0.002 : £ 
0.001 a 50 
1000 
3 5 40 & 
2 e 500 10 x 
BS [s) 
20 30 2 
200 
' eé 50 
i 
100 20 
0.5" 50 200 
15 
500 
ee 20 1000 
. ‘a 0.00! 10 
0.002 
Ou aR 0,005 
is 
hes 0.01 
0.05 0.02 5 
' 
0.05 4 
0.02 0.5 1 2 
S 3 
0.2 2 
nF 0.2 
0.5 
0.1 ; 2 
0.005 0.05 s 
5 
0.02 |. . 
0.002 10 ‘ 
0.01 20 


Fig. 4—Chart covering 1 cycle to 1000 cycles. 
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Reactance charts 
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Fig. 5—Chart covering 1 kilocycle to 1000 kilocycles. 
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Reactance charts continued 


inductance L reactance XL or XC capacitance C frequency ¢ 
wy 
ee wy 4 
bes 0.00002 1000 
1000 5 0.00005 
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200 0.5 0,001 
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100 £ 0.005 
on. & 
a 0.01 200 
50 0.05 0.02 
150 
“ 
nae 0.05 $ 
20 0.1 5 
0.01 i . 100 
= & 
10 0.005 ae 
| 
5 0.002 
0.00! 50 3 
1000 5 > 
3 40 9 
22 500 10 Ss 
= 30 8 
20 aD 
a4 200 e 
. 50 
10 
100 20 
0.5 50 200 : 
1 
500 
20 1000 
0.2 0.001 is 
10 0.002 
01 | ee 0.005 
E . 
s 0.01 
' 
0.05 4 
0.02 0.5 0.1 3 
0.2 5 3 
0.2 a 
0.5  & 
0.1 ' 2 
0.05 2 
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0.02 > 
10 
0.01 20 


Fig. 6—Chart covering 1 megacycle to 1000 megacycles. 
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Impedance formulas 


Parallel and series circuits and their equivalent relationships 


Parallel circuit 


I=YE 
parallel circuit 


Reactance Xp = sity 
| — wL,C, 
Admittance Y = ses i G + 3B 
a i 


= VG?+B? Z-¢=|Y| Z-¢ 


Impedance Z = 3 = z 
er 
_ _RyXp 
= Re +X) (Xo oa Rp 
Rp Xp 
= ZL o-= 12, 2 
VR? + Xp? $= Neal Ae 
Phase angle —@ = tan? B 
G 
iin 
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Impedance formulas continued 
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Series circuit 


I RI 
; equivalent series circuit 
Resistance = R, 


Reactance X, = wl, — 
we, 
mpedance Z = = = Ry + ik, = VRPT Xe Zo (2) Lib 
| 
X R 
Phase angle @ = tan7! — = cos7! —*% 
ngle @ an R, cos ‘Z| 


For both circuits 


Vectors E and J, phase angle ¢, and Z, Y are identical for the parallel 
circuit and its equivalent series circuit 


eters | et Rp _ |B | 
R, | Xp | G 
Re wa G [R, I (kw) 
eo zi Rk UY Pee PiNY heed ee hve) 
Rp?X p? 
BR? +X) = 2? 3 RR = XX 
a5 Pe amen ' f 
] errs 
Y2 = G?-+ Bp? =—+— = = 
ar Re? | Xe Rs 
Z? G Xp? | 
Peete = RPS 
Roget ye Rp iXy Qt | 
2 Z 
rere Bo yi Re Wy tl 


oe Yt FRx 1 fe! Pty /Q? 
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Impedance formulas continued 
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2 2 2 
ee ena 


Approximate formulas 


2 
Reactor R, = - and X = X, = X,_ ‘(See Note 1, p. 123) 


Pp 


2 
Resistor R = R, = R, and X; = - (See Note 2, p. 123) 
Pp 


Simplified parallel and series circuits 


Xp = oly pee eae Xe Oe 
wl» 
on ga ot = 
R, wl 
Q — wl = Rp E 
Re wl 
Rs 
VSR? + wl? 
Ll, 
ox wl, 
V Ry? am forks E 
(pf) = - approx (See Note 3, p. 123) R, 
1 leEvye 
Bate 8p Ga R, = Rs (Q? + 1) Z.= Ree 


1 11—jQ 
Pee ee ee a al 6g Ce ro soit 
nyo? tp (+3) Ry ae? 
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Impedance formulas continued 
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aL 4 


X»~=— B=al X, = 
Ueaon 12 es 
t _. Tren ] Ms 
erro p wl php 
Q= CR, = wC,Rp 
Ea = OG Ree ik 
V1 + wCPR? WI + w?Cy Ry? 
(pf) = s (See Note 3) 
R Ry = 2 
+ aT p= PR (Q2+1) 
ee ( a x) go Ces 
Ue Q? "2 -21/G? 
: iS pele ictgO 
i+ @ R, + 


Approximate formulas 


Inductor “R, = w’L?/R, andL =Ly=L, (See Note 1) 


Pecistone ki —-k, = R, “and L, = R*/w'l,) . See Note 2) 
Capacitor R, = 1/w?C?R, and C= C, = C, (See Note 1) 


Resistor R= R, = Rp and C, = 1/w?C,R? (See Note 2) 


Note 1: (Small resistive component) Error in percent = — 100/Q? 
(for Q = 10, error = 1 percent low) 


Note 2: (Small reactive component) Error in percent = — 100 Q? 
(forQ = 0.1, error = 1 percent low) 


Note 3: Error in percent = + 50/Q? approximately 
(for Q = 7, error = 1 percent high) 
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Skin effect 


Symbols 


A = correction coefficient 


diameter of conductor in inches 


S) 
Il 


f = frequency in cycles/second 
Rac = resistance at frequency f 
Rac = direct-current resistance 
Rsq = resistance per square 
T = thickness of tubular conductor in inches 
T; = depth of penetration of current 
6 = skin depth 
d = free-space wavelength in meters 


u, = relative permeability of conductor material (u, = 1 for copper and 
other nonmagnetic materials) 


p = resistivity of conductor material at any temperature 
Pc = resistivity of copper at 20 degrees centigrade 
= ].724 microhm-centimeter 


Skin depth 


The skin depth is that distance below the surface of a conductor where 
the current density has diminished to 1/e of its value at the surface. The 
thickness of the conductor is assumed to be several (perhaps at least three) 
times the skin depth. Imagine the conductor replaced by a cylindrical shell 
of the same surface shape but of thickness equal to the skin depth; with 
uniform current density equal to that which exists at the surface of the actual 
conductor. Then the total current in the shell and its resistance are equal 
to the corresponding values in the actual conductor. 


The skin depth and the resistance per square lof any size), in meter— 
kilogram—second (rationalized) units, are 


5 = (/mopuc)” meter 
Rsg-=.1/de7o8m 
where 
c = velocity of light in vacuo = 2.998 X 108 meters/second 


uw = 4a X 1077 yu, henry/meter 
1/o = 1.724 X 107-8 p/p, ohm-meter 
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Skin effect continued 


For numerical computations: 
5 = (3.82 X 107* X%) ki = (6.61/f)ky centimeter 
= (1.50 X 107 \) ky = (2.60/f)ky inch 
Om = (2.60/fme”®) ky mils 
Reg = (4.52 X 10°3/N) ke = (2.61 X 1077 #4) ke ohm 


where 
ki = [(1/u,) p/p.) 


ko = (urp/ po)” 


ki, ke = unity for copper 


Example: What is the resistance/foot of a cylindrical copper conductor of 
diameter D inches? 


R= — Ree = = xX 2.61 X 107 (f% 
= 0.996 X 108 (f!”/D ohm/foot 
lf 
D = 1.00 inch 


f = 100 X 108 cycles/second, 
= 0.996 X 10" X 10! = 1 X 107% ohm/foot. 


General considerations 


Fig. 7 shows the relationship of Rac/Rac versus DV f for copper, or versus 
DV f V urbe/p for any conductor material, for an isolated straight solid con- 
ductor of circular cross section. Negligible error in the formulas for Rac 
results when the conductor is spaced at least 10D from adjacent conductors. 
When the spacing between axes of parallel conductors carrying the same 
current is 4D, the resistance Ra, is increased about 3 percent, when the 
depth of penetration is small. The formulas are accurate for concentric lines 
due to their circular symmetry. 


For values of DV V UrPe/p greater than 40, 


i = 0.0960 DA Vv MrPe/ p + 0.26 (1) 


dc 
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Skin effect continued 


0 scaleC 40 
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DV f for copper at 20°C, or DV FV; p./p for any conductor material 


Fig. 7—Resistance ratio for isolated straight solid conductors of circular cross section. 
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The high-frequency resistance of an isolated straight conductor: either solid 
or tubular for T < D/8 or T; < D/8; is given in equation (2). If the current 
flow is along the inside surface of a tubular conductor, D is the inside 
diameter. 

Rac = Aw itr X 10-6 ohm/foot (2) 

D Pc 

The values of the correction coefficient A for solid conductors and for 
tubular conductors are shown in Fig. 8. 


Fig. 8—Skin-effect correction coefficient A for solid and tubular conductors. 


solid conductors tubular conductors 
nes 
DVE Al ur = A TNT ca te onl pg Rac/Rac 
p p 
36370 1.000 = B where 
220 1.005 B> a) i State 
160 1.010 3.5 1.00 [esis 
3.15 1.01 2s 
98 1.0 2.85 1.05 LS 
48 1.05 
26 1.1 2.60 1.10 0 
2.29 1.20 1.06 
13 1.20 2.08 1.30 1.04 
9.6 1.30 
SYS) 2.00 7 1.50 1 
<E3/0 Rae = Rae 1.31 2.00 1 
__ 10.37 Hee —6 = B where 2.60 
Rac= Fe 2 X 10-8 ohm/foot Bie ey : 1.00 


The value of TV fv LUrPo/p that just makes A = 1 indicates the penetration of 
the currents below the surface of the conductor. Thus, approximately, 


oon hs ee 
- = —- a inches. (3) 
Vi MrPc 


When Ti < D/8 the value of Rac as given by equation (2) (but not the value 
of Rac/Rae in Fig. 8, “tubular conductors”) is correct for any value T 2 1h 


Under the limitation that the radius of curvature of all parts of the cross 
section is appreciably greater than Ty, equations (2) and (3) hold for isolated 
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Skin effect continued 


straight conductors of any shape. In this case the term D = (perimeter of 
cross section) /z. 


Examples 


a. At 100 megacycles, a copper conductor has a depth of penetration 
T, = 0.00035 inch. 


b. A steel shield with 0.005-inch copper plate, which is practically equiva- 
lent in Rae to an isolated copper conductor 0.005-inch thick, has a value of 
A = 1.23 at 200 kilocycles. This 23-percent increase in resistance over that 
of a thick copper sheet is satisfactorily low as regards its effect on the losses 
of the components within the shield. By comparison, a thick aluminum sheet 


has a resistance / pipe = |.28 times that of copper. 


Network theorems 


Reciprocity theorem 


If an emf of any character whatsoever located at one point in a linear net- 
work produces a current at any other point in the network, the same emf acting 
at the second point will produce the same current at the first point. 


Corollary: If a given current flowing at one point of a linear network 
produces a certain open-circuit voltage at a second point of the network, 
the same current flowing at the second point will produce a like open- 
circuit voltage at the first point. 


Thevenin’s theorem 


If an impedance Z is connected between two points of a linear network, the 
resulting steady-state current I through this impedance is the ratio of the 
potential difference V between the two points prior to the connection of Vi 
and the sum of the values of (1) the connected impedance Z, and (2) the 
impedance 2; of the network measured between the two points, when all 
generators in the network are replaced by their internal impedances: 


page, 
Z+H 


Corollary: When the admittance of a linear network is Yip measured be- 
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Network theorems continued 
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tween two points with all generators in the network replaced by their internal 
impedances, and the current which would flow between the points if they 
were short-circuited is J,., the voltage between the points is Vig = Tec/ Y12. 


Principle of superposition 


The current that flows at any point in a network composed of constant 
resistances, inductances, and capacitances, or the potential difference that 
exists between any two points in such a network, due to the simultaneous 
action of a number of emf's distributed in any manner throughout the network, 
is the sum of the component currents at the first point, or the potential differ- 
ences between the two points, that would be caused by the individual emf's 
acting alone. (Applicable to emf's of any character.) 


In the application of this theorem, it is to be noted that for any impedance 
element Z through which flows a current J, there may be substituted a virtual 
source of voltage of value —Z/. 


Formulas for simple R, L, and C networks* 
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1. Self-inductance of circular ring of round wire at radio fre- 
quencies, for nonmagnetic materials 


L= | 7383 logio “ — 6386 | microhenries 
where 

a = mean radius of ring in inches 

d = diameter of wire in inches 

a 

ee 12,5 

4 > 


2. Capacitance 


a. For parallel-plate capacitor 


oe ee A Ww 
C= a0eese =A os, N= UAT 


micromicrofarads 


* Many formulas for computing capacitance, inductance, and mutual inductance will be found 
in Bureau of Standards Circular No. C74, obtainable from the Superintendent of Documents, 
Government Printing Office, Washington 25, D.C. 
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Formulas for simple R, L, and C networks continued 


where 


A = area of one side of one plate in square centimeters 
A” = area in square inches 

N = number of plates 
thickness of dielectric in centimeters 
thickness in inches 
€, = dielectric constant relative to air 


_—> 


This formula neglects ‘fringing’ at the edges of the plates. 


b. For coaxial cylindrical capacitor. Per unit axial length, 
LTE Ey 
loge (b/a) 


lO ver 
2 loge (b/a) 


farad/meter 


where 


c = velocity of light in vacuo, meters per second (see pp. 34-35) 


€y = permittivity of free space in farad/meter (see p. 35) 
C= EEA Oatey micromicrofarad/centimeter 
logio (b/a) 
eS eee micromicrofarad/inch 
Sanaa! 
sine PONE micromicrofarad/foot 
loan (al 


When 1.0 < (b/a) < 1.4, then with accuracy of one percent or better, 


(b/a) + 1 


Ce 8.50 ¢, 
rae een 


micromicrofarad/foot 


3. Reactance of an inductor 


X = 2xfl ohms 
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where 


f = frequency in cycles/second 
L = inductance in henries 


or fin kilocycles and L in millihenries; or f in megacycles and L in microhenries. 


At 159.2 megacycles, 1.00 microhenry has 


X = 1000 ohms 
At 60 cycles, 1.00 henry has 
X = 377.0 ohms 


4. Reactance of a capacitor 


=— ae ohms 


2rfC 
where 


f = frequency in cycles/second 
C = capacitance in farads 


157.2 


This may be written X = — ohms 


where 


f = frequency in kilocycles/second 
C = capacitance in microfarads 
or f in megacycles and C in millimicrofarads (0.001 yf). 


At 159.2 megacycles, 1.00 micromicrofarad has 
X = — 1000 ohms 


At 60 cycles, 1.00 microfarad has 
X = — 2653 ohms 


5. Resonant frequency of a series-tuned circuit 
1 
mS aie cycles/second 


where 


L = inductance in henries 
C = capacitance in farads 
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25,330 
f2 


This may be written LC = 


f = frequency in kilocycles 

L = inductance in millihenries 

C = capacitance in millimicrofarads (0.001 pf) 
or f in megacycles, L in microhenries, and C in micromicrofarads; 
or f in cycles, L in henries, and C in microfarads. 


At 60 cycles 
LC = 7.036 henries X microfarads 


6. Dynamic resistance of a parallel-tuned circuit at resonance 


ea. Be 


r — = — ohms 
R CR 

where 

X = owl = 1/wC 

R=n+ fr 


resistance in ohms 
inductance in henries 
C = capacitance in farads 


rr 
I 


The formula is accurate for engineering 
purposes provided X/R > 10. 


7. Parallel impedances 


If Z; and Ze are the two impedances that are connected in parallel, then 
the resultant impedance is 
five Z1Z2 
Zi “te Zo 


Refer also to page 127. 


Given one impedance Z; and the desired resultant impedance Z, the other 
impedance is 


Ly 


vet 
at Oz een 
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8. Input impedance of a 4-terminal network* 
Zu = Ru + Xu 


is the impedance of the first circuit, measured at terminals | — 1 with 
terminals 2 — 2 open-circuited. 


Zoo = Roo + jXo0 


is the impedance of the second circuit, measured at terminals 2 — 2 with 
load Zz removed and terminals 1 — 1 open-circuited. 


Zia = Rig + jXie 


is the transfer impedance between the two pairs 1 2 
of terminals, i.e., the open-circuit voltage appear- ~ 
ing at either pair when unit current flows at the 2. i, 
other pair. 


Ze 


Then the impedance looking into terminals | Zia: 
1 — 1 with load Z2 across terminals 2 — 2 is equivalent circuit 
: Z°12 . R?1o — X12 + 2RioX12 
Zi’ = Ry’ xX,/=Z — ————- = R Pe eal 25 TORO UPI A eae 
gee 7, ft Pe Roo + Re + f(Xo2 + Xa) 
When 
Rie = 0 
; X19 
Zi’ = Ri '+ jx’ = Z —_—___ 
1 1 +jX1 uT > 47, 


Example: A transformer with tuned secondary and negligible primary 
resistance. 


Zu = joly 


Z22 > Ze — Ro since Xo2 + Xo = 0 M 
are aan Cc C2 
Zi. = jwM zi = eT 


w2M?2 
Ro 


Then Zi oe jol; + 


* Scope and limitations: The formulas for 4-terminal networks, given in paragraphs 8 to 12 
inclusive, are applicable to any such network composed of linear passive elements. The elements 
may be either lumped or distributed, or a combination of both kinds, 
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9. Input admittance of a 4-fterminal network* 


Y11 = admittance measured: at terminals 
1 — 1 with terminals 2 —2 short- 
circuited. 


Yoo = admittance measured at terminals 
2 — 2with load Y2 disconnected, 
and terminals 1 — 1 short- 
circuited. equivalent circuit 


Y12 = transfer admittance, i.e., the short-circuit current that would flow at 
one pair of terminals when unit voltage is impressed across the other 
pair. 


Then the admittance looking into terminals 1 — 1 with load Ye connected 
GGrOss,.2 a 2.1s 


Y712 


Yit= C4398. = Vp — 
1 1 JO1 11 om 


10. 4-terminal network with loads equal to image impedances* 


When Z1 and Ze are such that Z’ = Z, 
and Z” = Zp» they are called the image 
impedances. Let the input impedance 
measured at terminals 1 — 1 with ter- 
minals 2 — 2 open-circuited be Z’,, 
and with 2 — 2 short-circuted be Z's. 
Similarly Zo. and Zs. measured at 
terminals 2 — 2. Then 


equivalent circuit 


/ , 1 7? % 2 -\% 
er [Z bee eek aa E (2: ca =) = E (vs a I = ( 
Z22 Yoo 
1 Z2 a y2 = D % 
(agen Vali yA E (z a =) E ly (v in -(2 
22 22 ras 22 22 va C. 
ii 


tanh (a + 78) 


II 
H- 
| ees | 
Del abs 
CS 

Xs 
| 
He 
| ee | 
Ds be 
Qa 1a 
Xe 
ll 
He 
—s 
ln 
Nie 
SS 


ll 
——s 
| 
=| 
asi 
i] 
peeeaee 
aS 
| 
H 
gOS 
iS 
SG) 
BS 
BS 


* See footnote on p. 137. 
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The quantities Z11, Ze2, and Zj2 are defined in paragraph 8, above, while 
Y11, Yo2, and Y12 are defined in paragraph 9. 
(a + j8) is called the image transfer constant, defined by 
complex volt-amperes into load from 2-2\ _ vai2 _ ve?Zy _ ie?Ze 
complex volt-amperes into network at I-L Vily = owy?Ze i? Z 


ee oe) a «7 /_ 98 


when the load is equal to the image impedance. The quantities a and B 
are the same irrespective of the direction in which the network is working. 


When Z; and Z2 have the same phase angle, a is the attenuation in nepers 
and B is the angle of lag of ig behind i. 


11. Currents in a 4-terminal network* 


¥ ej 
y= 
z Je 
Eee Z22 
——. . . 
ZuZe2 — L712 Es RN 


equivalent circuit 


Ee Roo + jXo2 
(RiiRo2 — Xi1Xe2 — R12 + X*12) + F(RiXe2 + ReeX1 — 2Ri2X12) 


ae Z19 
== Sl ae) fst 
ZZ 22 —Z 12 


12. Voltages in a 4-terminal network* 
Let 


lise = Current that would flow between 
terminals 1-1 when they are 
short-circuited. 


Yi1 = admittance measured across termi- 
nals 1 — 1 with generator re- 
placed by its internal impedance, 
and with terminals 2 — 2 short- 
circuited. 


equivalent circuit 


* See footnote on p. 137. 
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Yoo = admittance measured across terminals 2 — 2 with load connected 
and terminals 1 — 1 short-circuited. 


Yi2 = transfer admittance between terminals 1 — 1 and 2 — 2 (defined in 
paragraph 9 above). 


Then the voltage across terminals-! — 1, which are on the end of the net- 
work nearest the generator, is 


iiecY 22 


es Ro eae 
Yu1Yo2 — Y“12 


The voltage across terminals 2 — 2, which are on the load end of the 
network is 


itecY 12 


WATE Nee 


V2 


13. Power transfer between two impedances connected directly 


Let Z; = Ry + jX; be the impedance of the source, and Zz = Re + jX2 be 
the impedance of the load. 


The maximum power transfer occurs when 
Ro = Ry and Xe = —xX, 


rk ARiRo 
Pm (Rt + Rad? + (X1 + Xa)? 


P = power delivered to the load when the impedances are connected 
directly. 


P., = power that would be delivered to the load were the two impedances 
connected through a perfect impedance-matching network. 


14. Power transfer between two meshes coupled reactively 


In the general case, Xi; and Xe2 are not 
equal to zero and Xiz may be any re- 
active coupling. When only one of the 
quantities X3,, Xe, and X12 can be varied, 
the best power transfer under the cir- 
cumstances is given by: Ru 
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For Xee variable 


X? 0X 
Xx = ——— (zero reactance looking into load circuit) 
art X7y 
For Xi, variable 
X?12Xo0 


Xn = (Zero reactance looking into source circuit) 


R59 + X*o9 
For Xy2 variable 
Xia = V (Ray b X2) (Rog X20) 


When two of the three quantities can be varied, a perfect impedance match 
is attained and maximum power is transferred when 


X29 = V (Ry + X21) (R2oq Xoo) 


and 

ae, 
Xu = — (both circuits of same Q or phase angle) 
Ry 22 


For perfect impedance match the current is 


e 
: 2 tan Ru 


ig = —— 
R 11Ree X 11 


In the most common case, the circuits are tuned to resonance Xu = 0 and 
Xoo = 0. Then X22 = RiRee for perfect impedance match. 


15. Optimum coupling between two circuits tuned to the same 
frequency 


From the last result in paragraph 14, maximum power transfer (or an im- 
pedance match) is obtained for w2M? = RiRe where M is the mutual in- 
ductance between the circuits, and Ri and Re are the resistances of the 
two circuits. 


16. Coefficient of coupling—geometrical consideration 


By definition, coefficient of coupling k is: 
M 
Vile 


where M = mutual inductance, and L; and Ly are the inductances of the 
two coupled circuits. 


k= 
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Coefficient of coupling of two coils is a geometrical property, being a 
function of the proportions of the configuration of coils, including their 
relationship to any nearby objects that affect the field of the system. As 
long as these proportions remain unchanged, the coefficient of coupling is 
independent of the physical size of the system, and of the number of turns 
of either coil. 


17. T—7 or Y—A transformation 


The two networks are equivalent, as far as conditions at the terminals are 
concerned, provided the following equations are satisfied. Either the impe- 
dance equations or the admittance equations may be used: 


Y1 = 1/21, Ye = 1/Zy ete. 


T or Y network 7 or A network 


Impedance equations Admittance equations 
rine ZiLe + Liga ZoZs ve Y1Yo 
: Z; “V1 + Y2 + Ys 
gy a Zi1Z2 + 2123 + L223 eal Y1Y3 
i Zs 3 Deny tee WV, Cane 
Le Late 292s YoYs 
Zp aap SS ar pS ea eS ae a ae Yp == SS eee 
Zi Yost <\\ooctemee 
Lee: Mars == Vas ata Vole 
40> YY, = 
Y Spy A gy col ; Ys 
ip JAWS c Mae ts are ae YoYe 
Z, = ——___—_—_ Yg = 
Vis + Zo te La Ng 
Se Lal Y3 _ aye SG YEN + YsYe 


Tiyan a4 yas ‘ie 
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These relationships can be written as six equations in matrix form. Included 
are the transformations between the open-circuit impedances and short- 
circuit admittances, paragraphs 8, 9, and 19. 


Zi Z2 Z3 Yo Ya Ye 
- =1¥| 
Z11 Z9 Z12 Yop Nan Toh 
and | Y| =1/| Z| 


where the determinants | Y | and | Z| are given in the tabulations of 
T and m sections, paragraph 19. 


18. General circuit parameters 


Linear passive four-terminal network with source and load. 


Vi = AV. + Ble 


i, = CV, 4- DI, 

Vi AP» B Vo 
= x 

I; ei D I, 


Vyi= Fi -Z0i 
Vo = Zao Ie 
Vo = DV, + B (-J,) 


J.) SS CV, + A (aati) 


Ve Dagoe Vi 
X 
—I, C A —1; 


The determinant of the matrix of the general circuit parameters is equal to 
unity 

AD — BC = 1 

When a network is symmetrical 


A=D 
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Two two-terminal-pair networks in cascade 


V1 Aa SB A ore" Vs 
= x x 
I; Gane Gio By Is 
The expansion of this product and other operations of matrix algebra 


are given in the section, “Matrix algebra”, of chapter ‘Mathematical for- 
mulas'', pp. 1090-1097. 


A’,B)C;D' 


19. Tabulation of matrixes 


description | diagram matrix 
Z A B in 
Series 0 LONER O ane 
impedance 
| CrP OF ind 
| O_O 


10 
Shunt Y 
admittance 
\ nl 
{in 
T/n 0 
ideal / 
transformer 
n = turns ratio 0 ri) 
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description | diagram | matrix 
M 
; ath YT 
Inductively Li/M = joo(LyLe—M)/M 
coupled L, L, 
elements eal Lo/M 
' Zm 2' 
Zn 
Zn 


Symmetrical tn len Law hen 


i ra 2 | Zn + Zm Whey | 


lattice 
or bridge 9 paagee za | 
ti —_—_—_ + 
section 7, —Zn 7,—Zp 
T section A B 


Vy = Zuly + 2Z12(—1:) 


Vo = Zai1y + Z22(— 12) 


+2Z,/Zs) |Z|/Zs 
Determinant of 


the impedances: 1/Zs (1+-Z2/Z3) 
[Z| = ZZ22 — 212 


Z1Z Z,Z. ZZ 
1 2+ 1 3+ 243 ree as re hd _ A/C Z11:/Z12 |Z|/Zi2 


(Yi +Yot+Y3)/Y1Y2Y¥3 = 
Zo2 = Z2 + 2Z3 = D/C 
1/ | y | = B/¢ 


| Zi2 = Zo, = Zz = 1/C 


I 


1/Z12 Z22/Z1 
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description | diagram | matrix 


a section A B 
I; = YaaVi i Yan(— V2) 
‘ope! B) 


To = YoaVi + Yoo (— Vo) 


Determinant of 
the admittances: lY|/Ye (+Yo/Ye) 


| Y | = YaaYos — Yat" 


= YoYo + YaYe + YoYe Yoa = Ya + Yo = D/B Vani Nos W Ya 
=1/|Z| =C/B Yab = Yoa = Ye = 1/B [Y|/Yao Yaa/ Yab 


presnelgy See pp. 555 and 557 


Example 1: Determine the ABCD parameters for a T section. 


Method 1: Consider the section under open- or short-circuit conditions at 
either pair of terminals. The parameters in the equations for V; and J, at 
the beginning of paragraph 18 can then be found by inspection. 


With output open-circuited, J2 = O and 

A = Vi/Ve = (21 + Ze /Zs 

C= Vez; 

With input open-circuited, J; = O and 
EVGVo/ =) ae (Zee hal Zs 

With input short-circuited, V; = O and 


Zi Cisiies Z3 Z1Z3 
B = AV2/(—1,) = 
2/ 2 Zi at F(z, + oa oe) 


(Ziv o7e75 eZ Tze 


Method 2: Start with the impedance equations for V; and Ve in terms of 
I; and Iz, Translate into the ABCD form for V; and J; in terms of Ve and Jo. 


Method 3: Combine the individual series-impedance and shunt-admittance 
elements by multiplication of the matrixes. 
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Example 2: Determine the ABCD parameters for a symmetrical lattice 
section. Refer to the diagrams of the lattice in the tabulation of matrixes. 
In accordance with the definitions in paragraph 8, page 137, the open- 
circuit input and transfer impedances are 


Z1u1 = Zoo = (Lm + Zn) /2 
Z12 = (Zz, = Za) ¥2 


When these are substituted in the ABCD matrix for the T section, the matrix 
for the lattice results. 


20. Elementary R-C, R-L, and L-C filters and equalizers 


Simple attenuating sections of broad frequency-discriminating characteris- 
tics, as used in power supplies, grid-bias feed, etc. are shown in Figs. 9 and 10. 
The output load impedance is assumed to be high compared to the impedance 
of the shunt element of the filter. The phase angle @ is that of Eou, with 
respect to E,,. 


The relationships for low-pass filters are plotted in Figs. 1] and 12. 


R-L Section 
(Figs. 1O0C and D) 


R-C Section 
(Figs. 1OA and B) 


Fig. 9—Circle diagrams for R-L and R-C filter sections. 


Examples of low-pass R-C filters 
a. R= 100,000 ohms 
C = 0.1 X 10°® (0.1 pf 
Then T = RC = 0.01 second 
At f = 100 cps: Eour/Ein = 0.16— 
At f = 30,000 cps: Eouw/E:n = 0.00053 
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continued 


Fig. 10—Simple filter sections containing R, L, and C. See also Fig. 9. 


diagram type 
R A 
Ein C Eout | low-pass 
| R-C 
B 
cout high-pass 
R-C 
Cc 
out | low-pass 
R-L 
D 
Cour | high-pass 
L : 
Ein C Ai Cont Se 
C F 
Eout | high-pass 


R in ohms; _L in henries; 


T = time constant (seconds), fy 


Qn = 6.28, 1/2n 


Lp SS 1XE. 
if ide 
L 
hah 
L 
ica 
f 0.1592 
Vie 
f 0.1592 
(ye = 
VIC 


time constant 
or 
resonant freq 


resonant frequency (cps), 


0.1592, 42? = 39.5, 


formula and approximation 


Bhalla 
Eee V1 + wT? wl 
ga = —tan! (RwC) 
Esn \/ ] 
1+ op 
oB = tan (1/RwC) 
Fok b UO QUE TD WOO “i 
ie V1 +7? of 
gc = —tan (wLl/R) 
Ein NE de 1 
w?T2 
op = tan (R/wl) 
out tel 1 1 


Ein ok ae olC ea 


~é 


C in farads (Iuf = 10-® farad). 


oLC f? 
@=Oforf<fh; & =mforf> fy 
Eat oe ] bei ] 

Ein 1—/elC 1 — f2/P 
f 
= —wlC = ~ Fe 
¢=O0forf>f; & = mforf <fy 
w = 2nrf, 


1/4x2 = 0.0253. 
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-60 08 
0.00) 


ary /9P°7Z Os Uo INpes SHOIOA 


“ 
- 
® 

-_ 


curves in 


frequency in cycles/ pee 


Fig. 11—Low-pass R-C and R-lL filters. Nis any convenient factor, usually taken as an 


integral power of 10. 


R = 1,000 ohms 


b. 


Gr=—-+0/001 X< 107° farad 


108 


where N = 


, 


= 0.1/N 


T = 1 X10-° second 


0.016 — 


=100XN: Eou/Ein 


At f = 10 megacycles 


Example of low-pass L-C filter 


At f = 120 cps, required Sytem = 0.03 


Then from curves: LC = 6 X 107° approximately. 


Whence, for C = 4 uf, we require L = 15 henries. 
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1.0 


_ <S 
ae SRI 


ap aad as es | ie a iy 


voltage-reduction ratio Eout/Ein 


‘ei Seba 
\ CANN ra _ 


TI_ANINIAA AN 


St ian Hl 
CCST 


1OXN lOOXN 1000 XN 10,000 XN 


frequency in cycles/second 


Fig. 12—Low-pass L-C filters. Nis any convenient factor, usually taken as an integral 
power of 10. 


Effective and average values of alternating current 
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(Similar equations apply to ac voltages) 


= [sin ot 


if 


wis 


Average value J,, = 


which is the direct current that would be obtained were the original current 
fully rectified, or approximately proportional to the reading of a rectifier- 
type meter. 


Effective or root-mean-square (rms) value Jey = = 
which represents the heating or power effectiveness of the current, and is 
proportional to the reading of a dynamometer or thermal-type meter. 
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When 
i= In + Lsin wit + kh sin wet + Rar ee 
leg = VIP? +3 (h? + 22+ ....) 
Note: The average value of a complex current is not equal to the sum of the 


average values of the components. 


Power 


The power at a point in an alternating-current network is 
P = (real) V I* = (real) V* I 


the first form of which is the real part of the product of the root-mean- 
square complex sinusoidal voltage by the conjugate of the corresponding 
current. This expression is useful in analytical work. 


Example: let V = V/¢ and I = I/y 
Then 
It = I/-9 


and 
P = (real) V1 /@ —¥ = VI cos 8 


Transients—elementary cases 


The complete transient in a linear network is, by the principle of superposi- 
tion, the sum of the individual transients due to the store of energy in each 
inductor and capacitor and to each external source of energy connected to 
the network. To this is added the steady-state condition due to each ex- 
ternal source of energy. The transient may be computed as starting from any 
arbitrary time f = 0 when the initial conditions of the energy of the network 
are known. 


Time constant (designated T): Of the discharge of a capacitor through a 
resistor is the time fe — tr required for the voltage or current to decay to 
1/€ of its value at time ty. For the charge of a capacitor the same definition 
applies, the voltage ‘‘decaying” toward its steady-state value. The time con- 
stant of discharge or charge of the current in an inductor through a resistor 
follows an analogous definition. 
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Energy stored in a capacitor = 4 CE? joules (watt-seconds) 
Energy stored in an inductor = 4 LI? joules (watt-seconds) 
aTARS 1/e = 0.3679 logioe = 0.4343. ~—‘T and ¢ in seconds 


Rin ohms Linhenries Cin farads E involts Jin amperes 


Capacitor charge and discharge 


Closing of switch occurs at time t = 0 
Initial conditions (at tf = Q): Battery = F,; e, = Ep. 
Steady state lat t = o); j-=0;> .e, ="E5. 


Transient: 


. _ Ep Eo. <ayrc —t/RC 
j= —— VY = ne” 


oa. (Neda 
ee RC 


t 
a += dt = Eye VPC ty ae ER) 


Time constant: T = RC 


Fig. 13 shows current: i Ip hehe 
Fig. 13 shows discharge (for E, = 0): e./Eo ="? 
Fig. 14 shows charge (for Ey = 0): es EA es 


These curves are plotted on a larger scale in Fig. 15. 


eV. tee t/t 

1.0 “1.0 

2 

t-(I/e) 

t-I/e 
\/e 
(1/e)* 

t/T 
fs) 1,0 2.0 iA oO 1.0 20°” 


Fig. 13—Capacitor discharge. Fig. 14—Capacitor charge. 
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Two capacitors 


Closing of switch occurs at time f = 0 
Initial conditions (at t = 0): 

hl == Fi; eo = Fo. 

Steady state (att = ©): 


ey = Ex; eg = — Es; i = 0. 
Spe BC FeCs ‘am CiCe 2 
Ci + C Ci + Cs qr Adie 
is ient: 
ransien be, c, | cske, t 
alge birt Fe eo t/RC’ ' 
R 


: —t/T 
exponential ¢ 


opto 0.020 0,030 0.050 0.070 0.100 020 030 0.50 070 1.0 


elapsed time 
time constant 


-i- 2 
3 
e ie 
EE ETA ae Be 
: peo A eee a ed 
0.99 0.98 097 0.95 0.93 0.90 0.80 0.70 0.50 030 0.00 


. —t/T 
exponential 1 —e : 


Use exponential 1 — e~/7 for charge of 
capacitor: 


Use exponential «~'/7 for charge or 
discharge of capacitor or discharge of 
inductor: 


(voltage at time f) 


(current at time ft) 


(initial current) (battery or final voltage) 
Discharge of capacitor: 


(voltage at time t) 


Charge of inductor: 
(current at time #) 


(initial voltage) (final current) 


—t/T 


=t/ Tf 


Fig. 15—Exponential functions «¢ and 1—e 


L-R circuits. 


applied to transients in R-C and 


154 CHAPTER 5 


Transients—elementary cases continued 
RET RAE TE TE LI NITE EINE OL PTE 


4 
e: = Ey + (EF, — Ey) @ /*" = E, — (FE, + Fd - (lie aaah 
1 


eo = — Ey + (Eo + Ey) « /"" = FE, — (FE, + Fa) = (1 cee 


2 
Original energy = } (CiE,2 + CoE»”) joules 


Final energy = § (Cy + C.) E,? joules 


0 


Loss of energy = | i? Rdt = § C’ (Ey + Ee)? joules 


(Loss is independent of the value of R.) 


Inductor charge and discharge 


Initial conditions (at tf = 0): 
Battery = E,;i = Ip 


Steady state (att = ©): i = Ir = E,/R 


Transient, plus steady state: 
fp eo A My 
e, = —Ldi/dt = —(E, — Rhle *”™ 
Time constant: T = L/R 
Fig. 13 shows discharge (for Fy = 0): i/l) = € ”7 
Fig. 14 shows charge (for Jy = 0): i/ te = (Ve we 


These curves are plotted on a larger scale in ign: 


Series R-L-C circuit charge and discharge 


Initial conditions lat t = OQ): 
Battery = Ey; eg = Eo; i = Ip 
Steady state (att = ©):i =0;e, = E, 


Differential equation: 


0s di 
Ex, — Ey — — idt —Ri—L—-=0 
: : ak dt 
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when fe — RS —+—=0 
dP spl +o 


Solution of equation: 


j= il kaa perhal = Ble sinh sf VD + Ip cosh V0 | 
RVD 2L 2L 


AL 


where | gl Soom 7e 


Case 1: When ae is small 


1 E, — Eo ~~ (14+4+2A% 
ee a Feat he Be 
) ern R 2 WE |e 


i & Lae Oe Asi pete ye a 
R 


where A = a3 
R2C 


For practical purposes, the terms A? can be neglected when A<0.1. The 
terms A may be neglected when A<0.0I. 


Case 2: When = <1 for which VD is real 


— Rt/2L =e Rt VD 
SE Besa) 
VD R 2 


Aa Wea) eel 


Case 3: When D is a small positive or negutive quantity 


j= @ RHUL = Eo! E Rt ae ] A 
R QU £e6\ 2. 
Rt a ae 
+1) -*4) (2) re (2) | 


This formula may be used for values of D up to +0.25, at which values the 
error in the computed current i is approximately 1 percent of Jo or of 
Bias C0. 

R 


bb CHAPTER 5 


Transients—elementary cases _ continued 
REE IGT LOE LE ACES A RIOT HY NILE ER ETN CIN SIR SRE 


Case 3a: When 4L/R2C = 1 for which D = 0, the formula reduces to 


E, — Eo Rt Rt 
: — Rt/2L b 0 
Lee | ym o( *)] 


Ori = i + ie, plotted in Fig. 16. For prac- 
tical purposes, this formula may be used 
when 4L/R2C = 1 + 0.05 with errors of 1 Rt/2L 

percent or less. Fig. 16—Transients for 4L/R?C = 1. 


Case 4: When oe >1 for which VD is imaginary 


jiaten ee |= — a |sin wot + Ip cos ost 
WoL 2woL 


= Ine” sin (wot + W) 


where wo = a: ae si 
: Tergene 
ony, MLR EN oe To TOs 
In = Au E, — Ey — RIo + wo2L2Io2 yp as tant wol Ip 
oh < cn es 
b ee — 


The envelope of the voltage wave across the inductor is: 


2 ] RI\2 
== € marl E — E fakes SEO 2) 2) 2 
2 VIC b 0 5 + 97L7Jo 


Example: Relay with transient-suppressing capacitor. 


Switch closed till time t = 0, then opened. 


Let L = 0.10 henry, Ry = 100 ohms, 
E = 10 volts 


Suppose we choose 
C = 107° farads 
Re = 100 ohms 
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Then 

R = 200 ohms 

Ig = 0.10 ampere 
Eo = 10 volts 

Oo = 3 ~ 108 

fo = 480 cps 


Maximum peak voltage across L (envelope att = 0) is approximately 30 volts. 
Time constant of decay of envelope is 0.001 second. 


It is preferable that the circuit be just nonoscillating (Case 3a) and that it 
present a pure resistance at the switch terminals for any frequency (see 
note on p. 127). 


Re = Ry = R/2 = 100 ohms 
4L/R°C = 1 
C = 10° farad = 10 microfarads 


At the instant of opening the switch, the voltage across the parallel circuit 
is Eo = Ralo = 0. 


Series R-L-C circuit with sinusoidal*applied voltage 


By the principle of superposition, the transient 
and steady-state conditions are the same for the 
actual circuit and the equivalent circuit shown in 
the accompanying illustrations, the closing of the 
switch occurring at time f = 0. In the equivalent 
circuit, the steady state is due to the source e 
acting continuously from time tf = — ©, while 
the transient is due to short-circuiting the source Schocl circuit 
—eat time t = 0. 


Source: e = E sin (wt + a) 
Steady state: i = > ZL—¢o= = sin (wt + a — ¢) 
where 
= a/R? L ty: 
+ (« oe =) 
wlLC — | 
t = 
Bue wCR 


equivalent circuit 


The transient is found by determining current i = Ip 
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and capacitor voltage eg = Eo at time t = 0, due to the source —e. These 
values of Jy and Eo are then substituted in the equations of Case 1, 2, 3, or 
4, above, according to the values of R, L, and C. 


At time tf = 0, due to the source —e: 


i = b= — sin la ~ 9) 


2 = Ey = —= cos (a — ¢) 


This form of analysis may be used for any periodic applied voltage e. The 
steady-state current and the capacitor voltage for an applied voltage —e 
are determined, the periodic voltage being resolved into its harmonic com- 
ponents for this purpose, if necessary. Then the instantaneous values 
| = Ip and eg = Eo at the time of closing the switch are easily found, from 
which the transient is determined. It is evident, from this method of analysis, 
that the waveform of the transient need bear no relationship to that of 
the applied voltage, depending only on the constants of the circuit and the 
hypothetical initial conditions Jy and Ep. 


Transients—operational calculus and Laplace transforms 
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Among the various methods of operational calculus used to solve transient 
problems, one of the most efficient makes use of the Laplace transform. 


If we have a function v = fit), then by definition the Laplace transform is 
L[flt)] = F (p), where 


Fip) = | e?* F(t) dt (4) 


0 


The inverse transform of Flip) is f(t). Most of the mathematical functions en- 
countered in practical work fall in the class for which Laplace transforms 
exist. Transforms of functions are given on pages 1081 to 1083. 


In the following, an abbreviated symbol such as L[i] is used instead of 
Li (t)] to indicate the Laplace transform of the function i(t). 


The electrical (or other) system for which a solution of the differential 
equation is required, is considered only in the time domain t > 0. Any 
currents or voltages existing at t = 0, before the driving force is applied, 
constitute initial conditions. Driving force is assumed to be 0 whent < 0. 
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Example 


Take the circuit of Fig. 17, in which the switch is closed at time t = 0. 
Prior to the closing of the switch, suppose the capacitor is charged; then 
at t = 0, we have v = Vo. It is required to find the voltage v across capac- 
itor C as a function of time. 


Writing the differential equation of the circuit in 
terms of voltage, and since i = dq/dt = Cldv/db), R 
the equation is 
e, Cae 
‘ae Sid 


elf) = v + Ri = v + RC(dv/di) (5) 
where elf) = Ep Fig. 17. 


Referring to the table of transforms, the applied voltage is E, multiplied by 
unit step, or E,S_x(t); the transform for this is E,/p. The transform of v is L[v]. 
That of RC(dv/dt) is RC[p£[v] — v(O)], where v(0) = Vo = value of v 
at t = 0. Then the transform of (5) is 


: = LIv] + RCleLIv] — Vol 


Rearranging, and resolving into partial fractions, 
E, RCVo l 1 Vo 
= —___— +. ——___—. = F, | - — ———_~ mmm. (6) 
eet pce) | 1b RCo 7¢ a) t+ 


Now we must determine the equation that would transform into (6). The 
inverse transform of L[v] is v, and those of the terms on the right-hand side 
are found in the table of transforms. Then, in the time domain t > 0, 


Weer ie e 8) 1 Vine RO (7) 


This solution is also well known by classical methods. However, the advan- 
tages of the Laplace-transform method become more and more apparent 
in reducing the labor of solution as the equations become more involved. 


Circuit response related to unit impulse 


Unit impulse is defined on page 1081. It has the dimensions of time !. For 
example, suppose a capacitor of one microfarad is suddenly connected to 
a battery of 100 volts, with the circuit inductance and resistance negligibly 
small. Then the current flow is 10-4 coulombs multiplied by unit impulse. 


The general transformed equation of a circuit or system may be written 


L[i] = lp) Lle] + Wlp) (8) 


Here {[I] is the transform of the required current (or other quantity), {[e] is 


60 eave 5 


Transients—operational calculus and Laplace transforms continued 
ESSER RTE U ERE SSN RISE PSS SN OREO EE SERN ESD SST SES SBE SL ENE ET TAS CN A EEA ETS EER, 


the transform of the applied voltage or driving force e(t). The transform 
of the initial conditions, at t = 0, is included in Wlp). 


First considering the case when the system is initially at rest, W(p) = 0. 
Writing ia for the current in this case, 


Llia| = dlp) Le] (9) 


Now apply unit impulse So(t) (multiplied by one volt-second), and designate 
the circuit current in this case by Bit) and its transform by £[B]. By pair 13, 
page 1083, the transform of Sol(t) is 1, so | 


L[B] = lp) (10) 
Equation (9) becomes, for any driving force 
Lia] = £18] Le] (11) 
Applying pair 4, page 1082, 
t t 
ig = | Bit — d) e(A) dA = | B(\) elt — A) dad (12) 
0 0 


To this there must be added the current ig due to any initial conditions that 
exist. From (8), 


Lliol= Wlp) (13) 


Then ig is the inverse transform of Wp). 


Circuit response related to unit step 


Unit step is defined and designated S(t) = 0 for t < 0 and equals unity 
for t > 0. It has no dimensions. Its transform is 1/p as given in pair 12, 
page 1083. Let the circuit current be designated A(t) when the applied 
voltage is e = S(t) X (1 volt). Then, the current ig for the case when 
the system is initially at rest, and for any applied voltage elt), is given by 
any of the following formulas: 


t 
ig = Alt) e(0) +| Alt — d) e’(N) dA 
0 


t 
= A(t) e(0) + | A(nd) e’(f — d) dA 
0 


(14) 
= A(0) elt) ca A’(t— d) eld) dav 
) 


t 
= A(0) elt) + | A’(d) elt — d) dr 
0 


where A’ is the first derivative of A and similarly for e’ of e. 
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As an example, consider the problem of Fig. 17 and (5) to (7) above. Sup- 
pose Vo = 0, and that the battery is replaced by a linear source 


elt) = Et/Ty 
where 1, is the duration of the voltage rise in seconds. By (7), setting E, = 1, 
Al) =1— « “"° 


Then using the first equation in (14) and noting that e(0) = 0, and e’(t) 
= E/T; when 0 < ¢ < Tj, the solution is 


Been = 
a Rael 


This result can, of course, be found readily by direct application of the 
Laplace transform to (5) with elt) = Et/Ty. 


Heaviside expansion theorem 


When the system is initially at rest, the transformed equation is given by (9) 
and may be written 


M(p) 


ig) = —— (15) 
Lid= oF Le 

M(p) and Glp) are rational functions of p. In the following, M(p) must be 
of lower degree than Glp), as is usually the case. The roots of Glp) = 0 
are p,, where r = 1, 2,....n, and there must be no repeated roots. The 


response may be found by application of the Heaviside expansion theorem. 


Forsa force e’= E,,,, e applied at time t = 0, 


; " 
ia(t) _ ae io viey eP spy 
Fa) ~=Gijw) fat (po, — jw) CG’ (p,) 
ei n ePrt 
= ——_______—_ (16b) 
Z (jw) v > (pp — Jw) Z’ (p,) 


The first term on the right-hand side of either form of (16) gives the 
steady-state response, and the second term gives the transient. When 
e = Exax cos wt, take the real part of (16), and similarly for sin wf and the 
imaginary part. Z(p) is defined in (19) below. If the applied force is the 
unit step, set w = 0 in (16). 


Application to linear networks 
The equation for a single mesh is of the form 


eet tAS + AG +B | ict = ot (17) 


dt” 
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System initially at rest: Then, (17) transforms into 
(A,p” +....t+ Aip + Ao + Bp~) L[i] Re Le] (18) 


where the expression in parenthesis is the Operational impedance, equal 
to the alternating-current impedance when we set p = jw. 


If there are m meshes in the system, we get m simultaneous equations like (17) 
with m unknowns iy, ie, ...., im. The m algebraic equations like (18) are 
solved for L[i:], etc., by means of determinants, yielding on equation of the 
form of (15) for each unknown, with a term on the right-hand side for each 
mesh in which there is a driving force. Each such driving force may of 
course be treated separately and the responses added. 


Designating any two meshes by the letters h and k, the driving force e(f) being 
in either mesh and the mesh current i(t) in the other, then the fraction 
Mip)/Glp) in (15) becomes 


Mnzlp) Pai: 

—— = = Yrz(p) (19) 
Cinta 

where Ynrzlp) is the operational transfer admittance between the two 


meshes. The determinant of the system is Glp), and Max(p) is the cofactor 
of the row and column that represent e(t) and i(t). 


System not initially at rest: The transient due to the initial conditions is 
solved separately and added to the above solution. The driving force is 
set equal to zero in (17), elt) = 0, and each term is transformed according to 


d”j dt} j 
po PSY fol Oy ee n—r (20a) 
L | = acli— WS — fo : 


ral | at | ms - ii at + | idt ik (20b) 


where the last term in each equation represents the initial conditions. 
For example, in (20b) the last term would represent, in an electrical circuit, 
the quantity of electricity existing on a capacitor at time t = 0, the instant 
when the driving force e(t) commences to act. 


Resolution into partial fractions: The solution of the operational form of the 
equations of a system involves rational fractions that must be simplified 
before finding the inverse transform. Let the fraction be h(p)/glp) where 
h(p) is of lower degree than g(p), for example (3p + 2)/(p? + 5p + 8). 
If hip) is of equal or higher degree than g(p), it can be reduced by division. 


The reduced fraction can be expanded into partial fractions. Let the factors 
of the denominator be (p — p,) for the n nonrepeated roots p, of the 
equation glp) = 0, and (p — pg) for a root pa repeated m times. 
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as Sal 71 (21 
g (p) x on i a an te ee a 


There is a summation term for each root that is repeated. The constant 
coefficients A, and B, can be evaluated by reforming the fraction with a 
common denominator. Then the coefficients of each power of p in hip) 
and the reformed numerator are equated and the resulting equations 
solved for the constants. More formally, they may be evaluated by 


hip,) hI 
og le | (21b) 
g’ (p,) glp)/(p — pr) Ip=p, 
1 
Bis ee fF SP ifo (21c) 
vill : 
where 
f(p) = (p — pepe! 
g(p) 


and f’~” (p,) indicates that the (r — 1)th derivative of flp) is to be found, 
after which we set p = Pag. 


Fractions of the form AP ras or, more generally, 
p? ob a? 
Oitenehe—_.. Alp. +-.a). + Ba (224) 


p?+2ap+b (p+a)l?+ wo? 


where b > a? and w? = b — a?, need not be reduced further. By pairs 8 
23, and 24 of the table on pages 1082 and 1083, the inverse transform of 
(22a) is 


e~* (A cos wt + B sin ot) (22b) 
where 
ca h(—a + jw) h(—a — jw) (22) 


gl—a+jw) g'(—a — jw) 
.f hl—a + jo) h(—a — jw) | 

B= jf | ———_ —- —— (22d) 
: R= + jw) gil—a— jw) 

Alp + a) + Ba 

(pb + a)? — a? 

is e-* (A cosh at + B sinh at), where A and B are found by (22c) and (22d), 


except that jw is replaced by. @ and the coefficient 7 is omitted in the expres- 
sion for B. | 


Similarly, the inverse transform of the fraction 
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@ Filters, image-parameter design 


General 
FAA NSU 


The basic filter half section and the full sections derived from it are shown 
in Fig. 1. The fundamental filter equations follow, with filter characteristics 
and design formulas next. Also given is the method of building up a composite 
filter and the effect of the design parameter m on the image-impedance 
characteristic. An example of the design of a low-pass filter completes the 


chapter. It is to be noted that while the impedance characteristics and design ' 


formulas are given for the half sections as shown, the attenuation and phase 
characteristics are for full sections, either T or 7m. 


Fundamental filter equations 


v 


Image impedances Z, and Z, 


The element-value design equa- 
tions to be given are derived by 
assuming that the network is 
terminated with impedances that 
change with frequency in accord- 
ance with the following ‘image- 
impedance equations. Unfortu- 
nately, this assumption can be 
only approximately satisfied. 


Zy = mid-series image impedance 
impedance looking into 
1-2 (Fig. 1A) with Z, con- 
nected across 3-4. 


Z, = mid-shunt image impedance 
=-“iMpedance™ IOOKING | INIO') 9 ye want a 
3-4 (Fig. 1A) with Zp con- woe section: 


nected across ]—2. Fig. 1—Basic filter sections. 


ee ee a, 
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Formulas for the above are 
Pope 77g 22/4 
= VZiZ, V1 + .24/4Z_ ohms 
e224 
V7.2, 72/4 
AZiZe 
(20) Sess SS ohms 
7/42, 
LrlLg = ZiZ2 


Image transfer constant 6 


The transfer constant 6 = a+ jG of a network is defined as one-half the 
natural logarithm of the complex ratio of the steady-state volt-amperes 
entering and leaving the network when the latter is terminated in its image 
impedance. The real part @ of the transfer constant is called the image 
attenuation constant, and the imaginary part 6 is called the image phase 
constant. 


Formulas in terms of full sections are 


cose = ] + Zi/2Ze 


Pass band 
a = 0, for frequencies making —1< Z,/4Z.< 0 
8 = cos (1 + Z;/2Z.) = +2 sin) V—Z,/4Z, radians 


Image impedance = pure resistance 


Stop band 


a = cosh |] + Z,/2Z.| = 2 sinh-! V'Z,/4Z_ nepers for Z;/4Z, > 0 
B = 0 radians 


cosh! |] + Z;/2Z.| = 2 cosh-! WV —Z,/4Z. nepers for Z,/4Z2<—1 


+7 radians 


aT a, 
WR 
lll 


Image impedance = pure reactance 


The above formulas are based on the assumption that the impedance arms 
are pure reactances with zero loss. 
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type and 
half section impedance characteristics ; 


Constant-k 


ee ee oe 


Ly t 
mad Cc [ q~ 
Zt : | Zrk 


R 
° 
© 


Series m-derived 


211 = ZTk 
R (1 — w/w?) 
Qn = See 
V1 piv 2 / are 
R{ 1— aa — m’) 
VTP w/w? 
Shunt m-derived 
Li iy Mea RV — Jud 
Ee 1 — w/w? 
C, = RV 1 — Joo? 
os 
aa Os + OD pel 
Zee yi 1 od (1 — m?) 
= R2/Z 54 
Zr2 = Zak 
Notations: 
Z in ohms, @ in nepers, and B in radians m= Vi — W/W? 
We = 2mrf, = angular cutoff frequency R = nominal terminating resistance 
= 1/V Ce = VIE/Ch 
Wo = 2rf,, = angular frequency of peak = V ZTE Zak 


attenuation 


full-section 
attenuation a and phase @ characteristics 


i 


0 w—P> 
W, @o 
wv 
B 
rey wo—P 
We @o 
PA 
is | /\ 
lf | 
fe) : : 
W Ww, © 
t wT 
B 
0 i—— 
WY, We @ 


When 0 Sw S a 

a=0 

B =2sint2 
w 


¢ 


When w, << w < © 
B=r 


a) 
a = 2 cosh! — 
We 


When w, < w <w.,, 8 = wand 


a 


aad | eipirde Espn, ea seta a 
cash [2 1/52 — 1/a 


Et Nae we? /w — (1 — m?) 


When 0 < w <a, a = Oand 
1/052 — 1/2 
a —1 2) 
tei [' ? Veo? Ve? 


= cos} [1 —2 


m2 


When wow, <w< ©, B = Oand 


@ = cosh! [1 —2 


| 


1/05? — 1/w2 


1/w52 — 1/w? 


oh 
-1 sa J ee a ea ills pee 
cosh [1 ee area a = | 
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FILTERS 
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design formulas 


half-section half-section 


series arm shunt arm 
R 1 
Li = — Cy == 
x We , wR 
i 2 
l2 = il Lr 
m 
Ly — mLx 
Ce = mC; 
ly = mLy 
Co = mC 
a ei 
Ci = = Gi 


For constant-k type 
R? — Z1k Z2k = k2 


For m-derived type 
Curves drawn for m 0.6 
R? = Zo Zn 
= 2) (series-m) Z2 (shunt-m) 
cd Z1(shunt-m) Z2(series-m) 
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type and | 
half section 


Constant-k 


> Ly + 


Series m-derived 


C, 
o—| 
Ls 
— 
a Zn 


Shunt m-derived 


Notations: 


Z in ohms, @ in nepers, and B in radians 
We = 2af, = angular cutoff frequency 
ad Voie 


We = 2nf,.. = angular frequency of peak 
attenuation 


impedance characteristics 


2; 
Ze =k Af) — 2 
: Me 


Zrk = 


2T2 = RVI pe Stel iS 
|: eae 
= RVI = 2/u? 
Li e (1 — m?) 
= R/Zm 
Zao = Lak 


V1 — 0 ?/we 
nominal terminating resistance 
Vi/Cr 


VZrZak 


o 


2 


full-section 
attenuation a and phase £6 characteristics 


When 0 < w < a, 


_, We 
a@ = 2 cosh! — 
ra) 
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design formulas 


half-section half-section 
series arm shunt arm 


4 ee ad 
We op « 1 R 
C, = R ly = — 
W, w—P When w. <w< © re we 
a 
B a=0 
B = —2:sin™ = 
w 
-T 
tT AI 
a | 
L 
| wt 
0 aaa pS. 
W, @ Ci = Py 
C2 = 7 Ck 
u—> ] 
e 
B 
ori 
When 
2 
er cee = cosh"! ae a. 1] ¥ 
= — 7 and co t) = 1 9 Lk 
Ly 
2 pala 
= cosh"! 25 i — 1 C, ee 
ca = m?) Cc, = — 
We m 
When 
0< aw < wy = Wo? — we 
8 = 0 and = cosh [1-222=* | 
int 
ae -1 
ck Meeks rime eat For constant-k type 
coe? R? = Z14Z2% = kK? 
When 
We Kamo We po Pils we For m-derived type 
a@ = 0and marcas [ 5? — Curves drawn for m= 0.6 
= 1 
oe : 18 Z (eee Ne ea = Z1(series-m) Z2(shunt-m) 


= Z) (shunt-m) Z2 (series-m) 
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Band-pass filter design 


Notations: 


The following notations apply to the charts on band-pass filter design that appear on pp. 
170-179. 


Z in ohms, @ in nepers, and 8 in radians 
®, = 2rf,; = lower cutoff angular frequency 


w2 = 2fe = upper cutoff angular frequency 


V wwe = midband angular frequency 


& 
I 


we—@1 = width of pass. band 
R = nominal terminating resistance 
Wo = 2rf;.. = lower angular frequency of peak attenuation 


Weo = 21, = upper angular frequency of peak attenuation 


W1W2 


half section 


rere ie eM) 
_ “200 
ny = Sars CRS 
Wi 
ee 2 
Wo | 
2 
g+h—< | 
W1W2 
me = a 
1 Wiao 
We 
Wc | 
type and | 


impedance characteristics 


Constant-k 


Lx Cr 


—> Cok aslok3 <— 
Ztk Zak 


Se RV lw? — wo — oP) 
ke 
wlwe — a) 
R wlwe— «w)) 
Zrk = a = 


\/ (oat — wilile? — wy?) 
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@ 


Da 


W3 co 3 00 


LizCiz = L2xC2n = —— = a. 
W1W2 = wn 


= 21% Zor = k? 

= Zrn Zak 

= Zi (series-m) Z2(shunt-m) 

= Z2(series-m) Z1(shunt-m) 

S Zaishunt-m).Z7 (eerie for any one pair of m-derived half-sections 
ZT (ccries-m) = ZTk 


Zx(shunt-m) = Zar 


frequen- design formulas 
full-section cies of half-section half-section 
attenuation a and phase £ characteristics | peaka series arm shunt arm 
R Rlwe— ww) 
l= ty = — St 
Wico = w2— 1 wo 
When w2 < w < ©, 8 = wand O18 = 9 lCy = ape ee 
co? — eo? Rar? R(w&2— w}) 
@ = 2cosh} =| 
wlwe — w) 


When 0 < w < w1, 8 = —7 and 
wo? — w 


a@ = 2cosh7! | —————_ 
wlwe — w) 


ae 


= 2 sin! [4 
aaa _ om 


W]2 cuarrer 6 


Band-pass filter design* 
ARTA SR ET 


type and 
half section 


3-element series | 


3-element shunt | 


continued 


impedance characteristics 


LZr2 


3-element series Il 


3-element shunt Il 


C; 


* See notations on pp. 170-171. 


ZT3 


Z73 


LZr4 


w we? — a 
Rw 4 Joos? — « 
(we + wy) You? — w;? 
R2/Z 54 
LZrk 
ZTk 
Rwiwe + w3) Ne — 
oe ot eae 
ase Rao a — OT 
wlwe + a) Yao? — w | 
R?/Zx3 
Zak 
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design formulas 


full-section frequen- 
attenuation a and condi- cies of half-section half-section 
phase § characteristics tions peak a series arm shunt arm 


Li =Lye 
l—m 
: Cm Ct 
qQ=— 
m2 
m = 1 
W200 = © 
When0<w< a1, B =O0and Py 
= e012 we 
fa cost 1-2 8 | 
! Oy — 1 
L — Lee 
| When a1 < w < we, a = Oand an ar 
w? — wy? ee. Pa 
| B = cos} ) Saas Ly ese Liz 
oe — wit 2 
: Co = Caz 


1 When we << w < o, $B = mand 


2 2 
a a” — Wy 

@ = cosh"! 2-1 | 
G2 = @1 


[When O<w< n B = Ai and ie epee: 
| a hs Ww" (we? — w -1 | me = | 
a@ = cosh [2 Migs oF Soy 
When w; < w < we, a = Oand Lo = Lox 
; w2 (we? — w?) C, i= em Ci 
438 =cos!|] 1 — 2 ——_+-—-—_ } 4 er na 
; w? (wo? — w?) 
| 


S 
| 


= m1Coz 


i = cosh"! [1 et 


a” (9? — a1”) 
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Band-pass filter design* continued 


type and | 


half section impedance characteristics 


4-element series | 


211 = ZTk 
Z io R wa — 
i wlwe — w) Yw? — w;? 
x [ (co? =, w}”) 
+ mPlw2? — wo) 
{ 74 Rw(we— @}) 
02 oo) Fm Plo? — oF) 
l 2 — w? 
i = 
J - we? — w 
j 
t cas R?/Zxr1 
pee 
! Zr2 = Zak 
4-element series Il 
L, OC, 
send 4 Zr3 = Zr 
be gate R 2 — of 
as 7 fl ai wlwe — w)) we — ou a 
e x Eos? —-<etl inate ee 
4-element shunt Il 4 
© 
a i Rw(we— @)) | 
Zz ZY = SS 
(ere? — w*) my? (wo — a1?) | 
, ee 3: 
Cy x A (Sg [ 
a — a” 
Zi, eee | 
a y — R2/Zx3 | 
Zr = Zrk 
-@ 


* See notations on pp. 170-171. 


full-section 
attenuation a and 
phase £6 characteristics 


When w: < w < we, @ = Oand 


B = cos!tA 


When 0 < w < wo, B = 0 and 


a@ = cosh !A 


When win < w < w, 8B = —7 and 


a@ = cosh"! (— A) 


When we < w< ©, B = O0and 


a@=cosh!A 


wW 
| 


When we < w < wo, B = mw and 


a@ = cosh! (— B) 


When 0 <w< wi, B = O0and 


= cosh"! B 


When w1 < w < we, a@ = Oand 


B = cos!B 


When w20 <w < ©, B =O0and 


@ = cosh!B 
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fre- design formulas 
condi- quency | half-section | half-section 
tions of peaka| series arm | shunt arm 
Le = 
== 1—m;?? 
Li = miliz 1 Lik 
my 
Cik 
C= = 
m2 c= 
a. | Cc 
3/5 1—m2# ¥ 
pa 
s 
=|% er 
: | 8 Pe 
bas 3 2 2k Lox 
3 1—mg2 tf = as 
SY la ma 
= 
~ 8 
es Cre C2 = m Cex 
1—m;? 
- - Cor 
II my 
< 
313 : 
lI I—m tax 
ele Li= ml m 
GZ Co = 
C- =k 2 
2 ma 
G 
lL, = 
2 
L 
Pmt by = 2 
m2 
- Cc, = Co = my Cox 
| 2 
1—m 
i : Cx 
I : 
@ 
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Band-pass filter design* continued 


type and 
half section 


impedance characteristics 


5-element series | 


Ly C, 
vy. 211 = ZTk 
Co aL én = | 
Ea 7 R | ee ee 
TI 7! re 
wlws— co) V lwe— co) lo’ — we 


5-element shunt | 


Ly C, 


Z1T1 = ZTk 


wR 
(we ae @}) 
1 
wet wy? —2e2m 1 + ow (m1?—=| 


V (eos? — w) (w®— wo?) 


Zr1 


5-element shunt Il 


Zre = R?/Zn 


Zr2 = Zak 


* See notations on pp. 170-171. 


2(w2m1 — wo")? 
‘7 Foti ea 
hen wrx <w << ©, B =Oand 

i= same formula as for0 < w < wy 
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full-section fre- design formulas 
attenuation a and condi- | quency half-section half-section 
phase £6 characteristics tions |jof peaka| series arm shunt arm 


df N 
Elon Ele 
ge oe 
ne | on 
Seu ol sles 
Nl ll 1|°s 1} 3 G 
~ = 3 
J O x = Nea 
3 aah IRE 
8 Lh) EP} 
a =|e€ 3 
When 3 es 2 x 
a | 1 q i 
wi <w <2 F | a eS iat 
a = 0 and ae 
de — 
= cos | 1 a FF pein | eae 0 
\ wo? (wo? + «12 — 2a m2) + wo4 (m2? — 1) _ jt eee ¢ 
Vhen0 <w < wio, B = Oand “|"> ft esto, 4 
j a: s 
| Aw? — 2m ») 2 ll ll | e 
'= cosh! [1 a ll Il g g ol a} 3lé S) 
wo (we? + wr? — 2u?ma) + wollm2—1) J] eg s 3] 3\, = a i 
When w10 Kw << w, B = —a and I} 1% 3 ae Hh 
m4 2lw? — «92m 2)? 3 3 = 
= cosh SD) ROS ee ee ee bende 
wo? (a9? + w1? — 2a9?m 2) + wo! (mo?— 1) “= a e| | 
i a © — 
Vhen w2< w< ©, B = mand 7 ; i 
= + > 
}= same formula as for 0 < w < wie se es ae 
n 
ey Pe! 
oa) ~~ 
_ | E 
lje & 
& | 
m 1 
Retr zt a Ble 
wile € O =, is g a 
Slee Ho ates = 
3 ny} O Z 3 | ie 
, ST te 
’” Trae OQo- 
When Te 7 ; q 
We <w = W200 3 3 aS Sy = 
8B = mand | 
2 (we 2)2 ~ 
| bi wm, — 9 co 
lio eer 2 2 2 (m2 ie 
‘ (é3) [we +. — 2 my +a (my*— 1)] + oe 
& 
then0d<w<w, B = —rand a.| 8 
4 3 “ (3 
5) 2(w?m, a ao")? Sire! Il 2 
|= cosh 25) SRE a Ty ee Non 3 & 
| w*[we? + wi? —2u mit o*(my —I)] Phe g 8 ee 
&| 3 o 5 a 
hen w, < w < we, a = Oand $ ° so 
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Band-pass filter design* continued 


type and | 


half section impedance characteristics 


6-element series 


a Nah ‘ ! | Z2T1 = Zp | 
Co Lo ' ‘, Ce R | 

a le x ! > wlwe — a) 
et he 3 orl Cae i. oP o"l tat ar + leah —otm? 
PSE R TNA i 4 bon V (wo? — 2) (w? — w1?) | 


= 
ee 


ee 


6-element shunt 


LinwGs 


Zr2 = R*/Zm1 ; 


Zr2 = Lak \ 


full-section attenuation a and phase £6 characteristics 


When w1 < w < we a = 0 and 
aie PF ames Xf 
B= cos| 1 _ po ea = | t vi 
a 


(w?m1 — wo2me)? + (we? — w*) (w? — w 


When we < w < Wao, B = aw and 


2) 2 pars 2 )2 
a = cosh | ia a oe wat welll 2) + | 


wo?me)? + (we? — w*)(w? — w 


When 0 <w< wlio, B =0and 


hie cosh! [1 = 2(w*m, = wo2m 2)? | 
(w?m1 — wo2me)? + (we? — w*) lw? — w?) 


When w1a0 <w <a, 8B = —a and 


oh adage Ja [ 2(w*?m1 — wo2me)? 1 
(w?my — wo?ma)? + (we? — w’) (w? — wy?) 


When wan <w << ©, B =Oand 
a = same formula as for0 < w < wie 


* See notations on pp. 170-171. 
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113 


design formulas 


half-section series arm 


Li = m Liz 
Ciz 
Cy ager gE 
m2 
DY m1 Lox 
: (we — w))? (my — m2)? 
ao? mi m2 
C Cox [= — w))? (my, — | 
1 — eed eee 
me wo" my m2 
m2 
iy = ———— I, 
1 Pia mae k 
] ag m2 
Ci’ = ——— Cx 
m1 
conditions 
2 2 
wo W100 
Oe Th 9 8 
W200 Wo 
— CC 
W1c Wicd 
haan S gs 2 
W205 W200 


Band-stop filter design 


Notations 
Z in ohms, @ in nepers, and B in radians 
w, = lower cutoff angular fre- 
quency 
we = upper cutoff angular fre- 
quency 
wo = Vawiwe = V/V iC 
= 1//LorCox 
#2 — w; = width of stop band 


lower angular frequency 
of peak attenuation 


| 


half-section shunt arm 


Liz [ (we — wy)? (my — mo)? 
as may pe Ee Sak Toe Denn 
m2 evi) mime 
j— 2 
Le = pipeane Lt ¥8 Liz 
my 
Ch = mCik 
i (we — «3)? Py hae mg)? 
wo? m1m¢ 
me 
Ce. = G 
2 Pine lk 
L 
lp = 
me 
Ce = mi Caz 


frequency of peak a 


; 2 _ wf + wi? — 2wo’mime 
wis +m = ees Wi Es AT eae 
1- my 
1 — m2? 
Wim X wae = wt ( ——> 
1— my 
W200 = upper angular frequency of 


peak attenuation 
R = nominal terminating resistance 
a bik _ le 
Cor Cre 
= Zi4pZar = ZreZak = k* 
=Z 1(series-m) Z 2(shunt-m) 
=Z 2(series-m) 21 (shunt-m) 
= 272Zm1 
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Band-stop filter design®* continued | 


type and 
half section impedance characteristics 
Constant-k : 
lik ee RV (w? = wy”) (w? — we") 
ae =o | 
Rla? — w*) 
Za, a WO (69) 


Vlat® — wy) lw? — we?) | 


For the pass bands, use | wo? — w* | 
in the above formulas 


Series m-derived ; | 
Z11 = ZTk J 

Zat = . 

1-0 m [a a eal 

0 | 


Nee oe 1 as [aa | val [ 


wo? — w? 


Shunt m-derived 


p2 
ZT: = ea 
2Zr2 a) Zrk 


curves drawn for m = 0.6 


* See notations on preceding page. 
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freq : 
full-section of design formulas 
: attenuation a and condi-| peak! half-section half-section 
: phase £6 characteristics tions | @ series arm shunt arm 
| 
When w = ao 
a= o 
When wo < w < we 
( ) 
& = 2cosh?— 7 = = 
Ot == wo" 
=--—T 
Rlwe— w}) R 
§ fle =" | Ly, = —~_ 
When w2 << w < @ i W1@2 wa — 1 
a =— 
_ 8 1 02 —-@ 
a _, @lw2 — wi) ENT ee os 1 
B 2 sin Gee eas TE ma * 1k Rinse 2k ioe 
When 0 < w < a) 
a=0 
(we — wy) 
B = 2sin— te —2 Se 
wo? — 
1—m? 
Le = Liz 
m 
Ly = mL 
pm E Cn = 5 Can 
C l—m 
q=— : 
m ue Lox 
m 
curves drawn Co! = mCrx 
for m = 0.6 
hen w2 <w< ©, a = Oand a, 
= same formula as for0 < w < a} 3 
7 M | ta = mile 
hen woo <w << we B = —a7 and 8 
= same formula as for w; < w << Wi 3 Cc 
Vhen0 < w < w, a = 0 and 2 3 i lL, = — 
| Bey] 2a." (w2— «3)? , 
| = cos? Ta a et woth otal )2 L,i= Lox 
wo — wr") (w= we") 4- 2m? (we — w1 i Co = mCa 
When w1 < w < wi0, B = 7 and Gilles il SA 


ae RS 
= cosh-! Dastmi lwe— wy) f | 


(a? — w 1”) (w? = we”) FPP loa= wi)? 
Nhen win < w < wr, g2 = 0 Ook ray Kee 
2u.*m? (we — w)? | 


Sore LLL CLT 
; (a? — w) (co? — w9") + wm? (w2— ew)? 
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Building up a composite filter 
SRR ARTI TNC ENS TO TE ETE 


ra Zy Zy Zr Zr 
> +> hj tie a 


terminal | terminal 
half -T lg eee intermediate T sections ee, i ae half -T 


section | section 


terminal | ! terminal 
half-9 Pap te intermediate w sections eee halfew 
section section 


Fig. 2—Method of building up a composite filter. 


k& 
= 9¢0 te Ee IE 
5 Ed hd OE 
ay 0 DR Es: 
§ ERe2Z2=25 
ee — 
a an eee ee aes 
SS tio 
oof} | PRE hoe 7 
ttt | | AER es SAI 
ey ee a AG ee i ee 
Heed ed Oe ees 
oO BI Sears \ 
FF fae ASD RE 6 Ge Gn Bee Nil 
Ay |e ee ee NAY 
Bs See OS NO ee 


nee 


ie) -Q.! -A2 -Q3 "04 05 =—0.6 “07 8 86-0.8 “0.9 -LO 


Fig. 3—Effect of design parameter m on the image-impedance characteristics in the 
pass band. : 
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Building up a composite filter continued 


The intermediate sections (Fig. 2) are matched on an image-impedance basis, 
but the attenuation characteristics of the sections may be varied by suitably 
choosing the infinite attenuation frequencies of each section. Thus, the 
frequencies attenuated only slightly by one section may be strongly attenu- 
ated by other sections. However, the image impedance will be far from 
constant in the passband and therefore the use of true resistors for ter- 
minations will change the attenuation shape. 


Some improvement in the uniformity of the image impedance is obtained 
by using suitably designed terminating half sections. For these terminating 
sections, a value of m ~ 0.6 is usually used (Fig. 3). 


Example of low-pass image-parameter design 


To cut off at 15 kilocycles/second; to give peak attenuation at 30 kilocycles; 
with a load resistance of 600 ohms; and using a constant-k midsection and an 
m-derived midsection. Full T-sections will be used. 


Constant-k midsection 


R 600 


fr ON a 697 SOMO 
fame 116.28) 5.0 108 eee 
epee 00177 & 10-8 farad 
tS oR (6.28) (15 X 10°) (600) r 
Peete cosh? — = 2 cosh—! a l, fu, 
We 15 Sr fc a Carman 
Cs CG, 
= 2 sinh at u , 
We 15 -or~ 


where a is in nepers, 6 in radians, and f in kilocycles. 


m-derived midsection 

m= V1 — 02/0? = V1 — 157/30? 
= V0.75 = 0.866 

0.866 (6.37 X 107%) 

5.52 X 1073 henry : — 


Ly <= mLx 


Bd CHAPTER 6 


Example of low-pass image-parameter design continued 
LST ANTE AEST SE LI a IETS SE HN EE SOS EER 


Lge 


Lame L | — (0.866)? 
Sie Wiens marae ee 


(6137°<"10=3) = 1edScinOesenene 
0.866 S . ae 


m 


Co = mCx = 0.866 (0.0177 K 10-9) = 0.0153 X& 10-® farad 


2 1.5 
a = cosh!] 1— uit to Up = cosh!} 1 — aoe 
We 
2 5 
Bu= COs ty 1 — cal —=UCOSa: ji = 596 
We , 


End sections m = 0.6 


Ly L, 

L, = mlz = 0.6 (6.37 & 107-3) 

= 3.82 X 107% henry L, U 
bet 

Lo = ] i Lk 2 Cc, 

= 27] 
= [a | (6.37 & 10-%) = 680 X 10-* henry 
Co = mCx = 0.6 (0.0177 & 10-*) = 0.0106 & 10-® farad 


Frequency of peak attenuation f,, 
=a fold ie SHER ST OMe 1S 7 Giles tes 
lO 


Filter showing individual sections 


3.82 mh | 6.37mh 6.37mh | 5-52 mh 5.52mh | 3.82mh 


0.0153 yf | 0.0106 pf 
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Example of low-pass image-parameter design continued 
A A LE TT FMRI BLD AES TBE EI TE SE aE WEEN PES AF TREE 


Filter after combining elements 


1.9mh 


0.92mh 
0.0354yf 


0.0306yf 0.0106yuf 


Image-terminated attenu- 
ation of each section. 
Selid line = constant-k 
midsection. Dashed = 
m-derived midsection. 
Dash-dot = m-derived 
ends. 


@ in nepers 


Image attenuation 
and phase 
characteristics 


Given at the right 
and on the following 
page are the image- 
terminated attenua- 
tion and phase char- 
acteristics. These 
shapes are not ob- 
tainable when 600- 
ohm resistors are 
used in place of the 
terminating Zo. 


@ in nepers 


Image-terminated attenu- 
ation of composite filter. = frequency in kilocycles/second 


characteristic of each sec- 
fion. Solid line = con- 
stant-k midsection. 


section. Dash — dot = m= 
derived ends. 
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Example of low-pass image-parameter design continued 
SN SPE IETS NT SSI ITE NG GI ES ESTES TE 


B in radians 
4 > 


te 


Image-terminated phase 


Dashed = M-derived mid- 0 re) 10 20 30 40 50. 60 


B in radians 


Image-terminated phase 
characteristic of compo- 
site filter. 


f = frequency in kilocycles/second 


Impedance required for proper termination 


2 
Rt = ale 
Ww? 
V1 — w?/ we? 


_ 600 [1 — 0.64 (f/15)?] 
V1 — (f/15)? 


Yo 


oO 2 4 6 8 10 12 4 16 


f = frequency in kilocycles/second 
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m@ Filters, modern-network-theory design 


The design information in this chapter results from the application of modern 
network theory to electric wave filters. Only design results are supplied 
and a careful study of the references cited will be required for an under- 
standing of the synthesis procedures that underlie these results. 


Limitations of image-parameter theory 
A ITH TA SA PETE NIP SST ERIE TEI AAR ROL TEE RETR A 


Consider the simple low-pass ladder network of Fig. 1A. Two simultaneous 
design equations, (1) and (2), are provided by classical image-parameter 
theory (p. 165). 


(21/429) ¢ = 4c = — ] and 0 (1) 
Zop = (Z1 Z.)*/2 [1 + (Z,/4Z,)]¥/? (2) 


Z; and Ze, the full series- and shunt-arm impedances, respectively, must be 
suitably related to make (I) true at the desired cutoff frequencies and 
the generator and load impedance must satisfy (2). Under the image- 
parameter theory, the resulting attenuation for the low-pass case is 


(3) 


V,/V = 1.0, (fase 
= exp [(n — 1) cosh! (w/w,)], (w/w) > 1 


Fig. 1—A 7-element low-pass filter considered on the basis of image-parameter theory af 
A and of modern network theory at B. 
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Limitations of image-parameter theory continued 
‘SRR SSN ATES ESE ES OTE GR TSE LT SSE SRC 


where n is the number of arms in the network of Fig. 1 and V,/V and w are 
as in Fig. 3. It is this attenuation shape that is plotted in the tabulations of 
chapter 6. 


Equation (1) offers no problems. The application of (2) to Fig. 1 demands 
terminating impedances that are physically impossible with a finite number of 
- elements. The generator and load impedances for Fig. IA must be pure 
resistances of (L/C)!/? ohms at zero frequency. As frequency increases, 
the value of resistance must decrease to a short-circuit at the cutoff fre- 
quency, and with further increase in frequency must behave like a pure 
inductance starting at zero value at the cutoff frequency and increasing 
to L/2 at infinite frequency. 


The physical impracticability of devising such terminating impedances is 
why element values obtained by (1) cannot simultaneously satisfy (2). The 
relative attenuation indicated by (3) is similarly incorrect and cannot be 
realized in practice. 


Lattice-configuration filters also require impractical terminating impedances 
when designed by image-parameter theory. (Constant-resistance lattices 
are an exception but are seldom used for filtering.) The practical use of 
resistive terminations automatically makes element values computed on 
the basis of ideal impedance terminations incorrect. 


For more than three decades, filters have been designed according to the 
image-parameter theory. Their commercial acceptance is due in no small 
part to the highly approximate requirements for most filters. Where more- 
exact characteristics are required, shifting of element values in the actual 
filter has usually resulted in an acceptable design. For precise amplitude 
and phase response in the pass band, the simple and approximate solutions 
obtained through image-parameter theory must give way to equations based 
on modern network theory. 


Modern-network-theory design 
ERAS A SS) A SOG DRI SR SET TRS SE ONO SG RP ROPER SES, 


Relative attenuation 


A typical low-pass filter with resistive generator and load is shown in Fig. 1B. 
It is composed of lumped inductors, capacitors, and the resistive elements 
unavoidably associated therewith. The circuit equations for the complete 
network can be written by the application of Kirchhoff's laws. Modern 
network theory does just this and then solves the equations to find the net- 
work parameters that will produce optimum performance in some desired 
respect. 


im 


cn 
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Modern-network-theory design continued 


A block diagram of a generalized filter is illustrated in Fig. 2. This may be of 
low-pass, high-pass, band-pass, band-rejection, phase-compensating, or 
other type. The elements of the filter include resistors, capacitors, self- and 
mutual-inductors, and possibly coupling elements such as electron tubes 
or transistors, all according to the design. The terminations shown are a 
constant-voltage generator (the 
same voltage at all frequencies) 
with a series resistor at the input 


and a resistive load. (Frequently it Ry 

is preferable to stipulate a con- - 
stant-current generator with a ‘ 
shunt conductance.) The generator ct) 


and load resistors need not be 
equal and they can be assigned 
any value between zero and in- 
finity. Characteristic impedance 
plays no part in the modern network theory of filters. 


Fig. 2—Block diagram of a filter with gener- 
ator and load. 


Either or both the generator or load can be reactive, in which case the 
reactances are absorbed inside the block of Fig. 2 as specified parts of the 
filter. Either, but not both, Rg or Ry can be zero or infinite. 


The term bandwidth as used herein has two different meanings, according 
to the type of filter. For low- or high-pass filters, it is synonymous with the 
actual frequency of the point in question, or equivalent to the number of 
cycles per second in a band terminated on one side by zero frequency 
and on the other by the actual frequency. The actual frequency can be 
anywhere in the pass or the reject region. For symmetrical band-pass 
(Fig. 4) and band-reject filters, it is the difference in cycles per second 
between two particular frequencies (anywhere in the pass or reject regions) 
with the requirement that their geometrical mean be equal to the geometrical 
midfrequency fo of the pass or reject band. 


A typical filter characteristics is plotted in Fig. 3 for a low-pass filter. In 
Fig. 3A, the magnitude of the output voltage V is plotted against radian 
bandwidth w. Several specific points are indicated on the diagram. V, is 
the peak voltage output, while Vm is the maximum voltage that could be 
developed across the load were it matched to the generator through an 
ideal network. Symbol wg designates a specified frequency or bandwidth 
where some particular characteristic is exhibited by the filter, suchas the 
point where the response is 3 decibels down from the peak, for example. at 
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Modern-network-theory design continued 
PTDL AEA I TSE RS ES, 


The characteristic of major interest to the filter engineer is the plot, shown 
in Fig. 3B, of relative attenuation versus relative bandwidth. Relative 
attenuation is defined as the ratio of the peak output voltage V, to the 
voltage output V at the frequency being considered. Relative bandwidth is 
defined as the ratio of the bandwidth being considered to a clearly specified 
reference bandwidth (e.g., the 3-decibel-down bandwidth). 


It should be noted that the elements of a filter are not uniquely fixed if only 
a certain relative attenuation shape is specified; in general it is possible 
also to demand that at one frequency the absolute magnitude of some 
transfer function be optimized. 


The complex relative attenuation 
of a complete filter (including 
generator and load) composed of 
lumped linear passive elements is 
always equal to a constant mul- 
tiplied by the ratio of two 
polynomials in (jw). Modern filter 
theory has derived various ex- 
pressions for optimum relative 
attenuation shapes that can be 
physically realized from these 
complex expressions. The shapes 
are optimum in that they give the 
maximum possible rate of cutoff 
between the accept and reject 
bands for a given number of filter 
components, with a_ specified 
allowable equal ripple in the 
accept band, and a specified re- 
quired equal ripple in the reject 
band. See Fig. 4 for typical 
shapes of attenuation character- 
istic for band-pass filters. 


20 I0g | Vp/v| 


B w/w, —p 


The phase and transient response, 

ini a majority of filter applica- Fig. 3—Low-pass-filter output voltage versus 
: ‘ h frequency at A; attenuation versus normalized 
tions, are not as important as the frequency at B. A is the actual voltage across 
amplitude response. Most of the _ the load as a function of frequency and is for 


following treatment refers to this the low-pass case. B uses the information in A 
fo produce a plot of relative attenuation against 


latter type of problem. relative bandwidth. 
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Chebishev and Butterworth performance with constant-K and 
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equivalent configurations 
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The attenuation-curve shapes illustrated in Figs. 4A and 4B are termed 
Chebishev and that in Fig. 4C is termed Butterworth. The equations for these 


Fig. 4—A, B, C, are the optimum relative attenuation shapes of (4) and (5) that can be pro- 
duced by constant-K-type networks. D, E, F, are the optimum relative attenuation shapes 
of (8), (12), (13), (16) that can be derived by M-derived-type networks. 


shapes are (4) and (5), respectively. The Butterworth shape is the same as 
the limiting case of the Chebishev shape when we set V,/V, = 1.0. 


Chebishev: 

Vp i Vp ‘ | 2 —] x) 
(=) =)]+ (2) — 1 | cosh? { n cosh i (4) 
Ee terworth: 

“ ( x Ne 

iS et (5) 
(@ i X3db 
where 


V = output voltage at point x 
Vp» = peak output voltage in pass band 
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equivalent configurations continued 
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Vy = valley output voltage in pass band 

n = number of poles, equal to the number of arms in the ladder network 
being used. For low-pass and high-pass filters, n = number of re- 
actances in the filter. For band-pass and band-reject, n = total 


number of resonators in the filter. 
x = a variable found in the following tabulations. 


X» = value of x at point on skirt where attenuation equals valley attenua- 
tion. 


Xzap = value of x at point on skirt where attenuation is 3 decibels below Vp. 
Significance of x 


Low-pass filters: 

x = w = 2nf 

High-pass filters: 

x= -l/w = —1/2nf 

Symmetrical band-pass filters: 

xX = (w/wo — wo/w) = (fe — fi) /fo = (bw) /fo 
Symmetrical band-reject filters: 

x = —1/lw/wo — w/w) = —fo/ (bw) 

where 


fo = (fy f2)!/2 = midfrequency of the pass or reject band 


fi, fg = two frequencies where the characteristic exhibits the same attenua- 
tion. 


Working charts for these filters, derived from (4) and (5) are presented in 
Figs. 5 to 10 for value of n from 2 to 7, respectively. 


These curves give 
(V/V) ap — 20 logio (V/V) 


versus x/X3ap 


For low-pass and band-pass filters, 


x/X3ap = (bw) / (bw) 3db 
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(bw)/(bw)54, for low-pass and band-pass 
(bw) 54, /(bw) for high-pass and band-reject 
! 2 4 
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(bw)/(bw), 4, for low-pass and band-pass 
(bw) sqp/(bw) for high-pass and band-reject 


Fig. 5—Relative attenuation for a 2-pole network. 
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equivalent configurations continued 
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(bw)/(bw)54, for low-pass and band-pass 
(bw)s4, /(bw) for high-pass and band-reject 
| 2 5 


— 0 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
(bw)/' (bw),4, for low-pass and band-pass 
(bw)54, /(bw) for high-pass and band-reject 


Fig. 6—Relative attenuation for a 3-pole network. 
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(bw)/(bw), 4, for low-pass and band-pass 
(bw),4,/ (bw) for high-pass and band-reject 
! 2 3 4 
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(bw)/(bw w), 4, for low-pass and band-pass 


(bw)s4, /(bw) for high-pass and band reject 


Fig. 7—Relative attenuation for a 4-pole network. 
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(bw)/ (bw),4, for low-pass and band-pass 
(bw)s4, / oe for high-pass and band-reject 
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 (bw)/(bw) sdb 0° low-pass and band-pass 
(bw),4, /(bw) for high-pass and band-reject 


Fig. 8—Relative attenuation for a 5-pole network. 
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(bw)/(bw),,, for low-pass and band-pass 


(bw) sq, /(bw) for high-pass and band-reject 
1.0 1.5 2.0 2.5 3.0 mY, 4 
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(bw)/(bw),4, for low-pass and band-pass 
(bw) 4, /(bw) for high-pass and band-reject 


Fig. 9—Relative attenuation for a 6-pole network. 
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(bw)/(bw),4, for low-pass and band-pass 
(bw)34, /(bw) for high-pass and band-reject 
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(bw)/(bw), 4, for low-pass and band- 
(bw); 4, /(bw) for are and band-reject 


Fig. 10—Relative attenuation for a 7-pole network. 
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equivalent configurations continued 
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For high-pass and band-reject filters, the scale of the abscissa gives 


(bw) 3ab/ (bw) 


On each chart, Figs. 5 to 10, the family of curves toward the right side 
gives the attenuation shape for points where it is less than 3 decibels, while 
those toward the left are for the reject band (greater than 3 decibels). 
Each curve of the former family has been stopped where the attenuation 
is equal to that of the peak-to-valley ratio. 


Thus, in Fig. 5, curve 3 has been stopped at 0.3 decibel, which is the value 
of (V/V) ap for which the curve was computed. (See table on chart, Fig. 5). 


The curves give actual optimum attenuation characteristics based on 
rigorous computation of the ladder network. In contrast, the commonly 
used attenuation curves based on “image-parameter theory” are approxi- 
mations that are actually unattainable in practice. 


Low- and band-pass filters—required unloaded Q 


Constant-K and equivalent filters can be constructed that will actually give 
the attenuation shapes predicted by modern network theory. To attain this 
result, it is required that the unloaded Q of each element be greater than a 
certain minimum value*. The gmin column on each chart is used in the fol- 
lowing manner to obtain this minimum allowable value: For the internal 
reactances of low-pass circuits, 


rnin = Qmin 


For the internal resonators of band-pass circuits, 


Quin = Qmin [fo/ (bw) sab] 


* S. Darlington, “Synthesis of Reactance 4-Poles," Journal of Mathematics and Physics, vol. 18, 
pp. 257-353; September, 1939. Also, M. Dishal, ‘Design of Dissipative Band-Pass Filters Pro- 
ducing Desired Exact Amplitude-Frequency Characteristics," Proceedings of the IRE, vol. 37, pp. 
1050-1069; September, 1949: also, Electrical Communication, vol. 27, pp. 56-81; March, 1950. 
Also, M. Dishal, ‘Concerning the Minimum Number of Resonators and the Minimum Unloaded 
Q Needed in a Filter,’ Transactions of the IRE Professional Group on Vehicular Communication, 
vol. PGVC-3, pp. 85-117; June, 1953: also, Electrical Communication, vol. 31, pp. 257-277; 
December, 1954. 
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equivalent configurations continued 
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Examples 


a. In a low-pass filter without any peaks of infinite attenuation at a finite 
frequency, how few elements are required to satisfy the following 
specifications, and what minimum Q must they have? Response to be 1 
decibel down at 30 kilocycles, and 50 decibels down at not more than 75 
kilocycles, compared to the peak response. 


The allowable ripple is 1 decibel in the pass band. 


Then, 
(bw) 50ap/ (bw) idh 75/30 = 2.5 
(V,/Vo)an< 1.0 decibel 


Since (bw) 1ap will be slightly less than (bw) sap, We must have (bw) soap/ (bW) sap 
a little less than 2.5 when (Vp/V)ap = 50 decibels. Consulting the charts, 
Figs. 5 to 10, and examining curves for (Vp/V»)ay = 1.0, it is found that a 
5-pole network (Fig. 8) is the least that will meet the requirements. Here, 
curve 6 gives 


(bw) s0ap/ (bw) 38db — 2.14 


While 


(bw) 1ab/ (bw) 8db — 0.97. 


Then 
(bw) soap/ (bW) ap = 2.14/0.97 = 2.20 


The 3-decibel frequency will be 
30 (bw) sap/ (bw) 1ap = 30/0.97 = 31 kilocycles 


At this frequency, the Q of each capacitor and inductor must be at least 
equal to Qnin = 11.8 as shown in the table on Fig. 8. 


b. Consider a band-pass filter with requirements similar to the above: 
bandwidth 1-decibel down to be 30 kilocycles, 50 decibels down at 75 
kilocycles bandwidth, and 1-decibel allowable ripple. Further, let the 
midfrequency be fy = S500 kilocycles. The solution at first is the same as 
above, and a 5-pole network is required. 
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The 3-decibel bandwidth is 31 kilocycles and the Q of each resonator 
must be at least 


mS fo/ (bw) say = 11.8 X 500/31 = 190 
where 11.8 is qmin as read from the table on Fig. 8. If a Q of 190 is not 


practical to attain, a greater number of resonators can be used. Suppose 
7 resonators or poles are tried, per Fig. 10. Then curve 2 gives 


(bw) 5vab/ (bw) ldb = 2.10/0.93 == .2.26. 
The table shows the peak-to-valley ratio of 10°° decibel and qmin = 5.9. 
The 3-decibel bandwidth is 30/0.93 = 32.2 kilocycles. Then, the minimum Q 


of each resonator can be 5.9 X 500/32.2 = 92, which is less than half 
that required if 5 resonators are used. 


c. In the band-pass filter, suppose the filter is subdivided into N identical 
Stages in cascade, isolated by electron tubes or decoupling capacitors 
or resistors. For each stage the response requirements are the original 
number of decibels divided by N. For N = 2 stages, 


(bW) e5ap/(bW) o.san < 2.5 

(V»/Vo ap < 0.5 decibel 

Proceeding as before, it is found that a 3-pole network (Fig. 6) for each 

stage will just suffice, curve 4 giving 

iv.) Van = 0.3 

and 

(bW) osap/(bW)o.sap = 2.1/0.84 = 2.5 

To find the required minimum Q of each of the 6 resonators, the 3-decibel 
~ bandwidth of each stage is 
920/084 = 358 kilocycles 


For curve 4, qmin = 3.4, so the minimum allowable Q for each resonator is 


34 X 500/358 = 47.5 


Maximally linear phase response 


In the design of filters where the linearity of the phase characteristic inside 
the pass band is important, certain changes in design are necessary compared 
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equivalent configurations continued 
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to the previously considered cases. For constant-K-type filters, rate of change 
of phase with frequency becomes more-and-more linear as the number of 
arms is increased, provided the design produces a complex relative attenua- 
tion characteristic given by the polynomical of (6*). 


Vo, ital tna 2 ulOnie—ael* /oaxaNe 
Voc Bale wees (; *) (6) 


where r is a series of integers and the other symbols are described under (5). 
The magnitude of (6) is plotted in Figs. 11 and 12 for several values of n. 


The former is for the relative attenuation inside the 3-decibel points and 


the latter for the response outside these points. The curves for n = © are 
plotted from (7), which is the Gaussian shape that the attenuation charac- 
teristic approaches as n approaches infinity. 


10 log (Vp/V)?2 = 3 (x/xsqp)? (7) 


With a constant-K-configuration network that produces only poles, a 
maximally linear phase response can be produced only at the limitation of a 
rounded attenuation shape in the pass band as illustrated in Figs. 1] and 12. 


The column labeled gmin on Fig. 11 gives the minimum allowable Q, measured 


at the 3-decibel-down frequency, of the inductors and capacitors of a — 


low-pass filter. For band-pass filters, the minimum allowable unloaded Q 
at the midfrequency fo is qmin fo/ (bw) sap. For the phase response figures 
on Fig. 11, the symbols are as follows. 


Low-pass filter 


to == dO/dw 
= slope of phase characteristic at zero frequency in radians per radian 
per second. 
tsan = slope at fap 


fsap = frequency of 3-decibel-down response 
Band-pass filter 

ty = slope at midfrequency 
tsap = slope at 3-decibel-down bandwidth 


fsapn = z (bw) sap 
= one-half the total 3-decibel bandwidth 


* W. E. Thomson, “Networks with Maximally Flat Delay,” Wireless Engineer, vol. 29, pp. 256- 7 


a 


263; October, 1952. 
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The column (to — tsap) fsap shows the group-delay distortion over the pass 


band. It shows numerically that the phase slope becomes much more constant 


as the number of elements is increased, in a filter designed for this purpose. 
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(bw)/( bw), dp fOr low-pass and band-pass 
(bw)54, /(bw) for high-pass and band-reject 


Fig. 12—Attenuation shape beyond 3-decibel-down pass band for 2-pole flat-time-delay filters. 
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Typical attenuation curves for M-derived filters are shown in Figs. 4D, E, F. 
The modern network theory of these filters has been treated by Norton and 
Darlington.* The attenuation shapes produced may be called elliptic and 
inverse-hyperbolic and are optimum in the sense that the rate of cutoff 
between the accept and reject bands is a maximum. Equation (8) gives the 
elliptic-function shape. 


Vey? VEN" Kerr 
(-+[- Jobe} 


where 
cd = (cn/dn), the ratio of the two elliptic functions cn and dnt 


n = number of poles, or arms in the M-derived configuration 


x = a bandwidth variable described under (5) 
K,, Ks = complete elliptic integrals of the first kind, evaluated for the 
modulus value given by the respective subscript. 


Referring to the symbols on Fig. 4, the moduli v and f are given in (9) and (10). 
Ve7V)27— 1/1? 

— ol (9) 
(V/V)? — 1 

Xy/Xn = (bw),/ (bw), (10) 


f 


These are not independent, but must satisfy the equation 
log q, = n log q; (11) 


where gq; is called the modular constant of the modulus value k, the latter 
being equal to v or f, respectively. A tabulation of log q is available in 
the literature. { 


In the limit, when V,/V, = 1.0 or zero decibels (Fig. 4F), the ripples in the 
accept band vanish. Then (8) reduces to the inverse hyperbolic shape 
of (12). 


v.\2 (V,/V,)2 — 1 
ey = 1+ oa (12) 


cosh? [n cosh”! (x;/x)] 


Curves plotted from (8) and (12) are presented in Figs. 13 to 18. Those 
labeled V,/V, = 0 decibels, for n poles, m zeros, are plotted from (12) 


*S. Darlington, “Synthesis of Reactance 4-Poles” Journal of Mathematics and Physics, vol. 18, 
pp. 257-353; September, 1939. 

+G. W. and R. M. Spencely, “Smithsonian Elliptic Function Tables,” (Publication 3863), 
Smithsonian Institution; Washington, D. C.: 1947. 

TE. Jahnke and F. Emde, “Table of Functions with Formulas and Curves,” 4th Edition, Dover 
Publications; New York, N. Y., 1945: see pp. 49-51. 
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2-pole attenuation 
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Fig. 13—Maximum rate of cutoff for 2-pole and for 2-pole 2-zero filters. 
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M-derived and equivalent filters continued 


while the others are from (8). For the M-derived shapes, n = the number 
of poles = the number of arms in the ladder network. When n is an even 
number, the number of zeros m = n. When n is odd, m = n — 1. The 
following description of Fig. 13 can be extended to cover the entire group 
of figures mentioned above. 


The maximum rates of cutoff obtainable with 2-pole no-zero and 2-pole 
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(bw),/(bw)3qp for low-pass and band-pass 
(bw)sq,/(db)- for high-pass and band-reject 


Fig. 15—Maximum rate of cutoff for 4-pole and for 4-pole 4-zero filters. 
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2-zero networks are plotted in Fig. 13 for several ratios of Vz/V». Two 
insert sketches drawn in the figure show typical shapes of the attenuation 
curves for these two cases. The main curves give the relative coordinates of 
only two points on the skirt of the attenuation curve. These two points are 
the 3-decibel-down bandwidth and the “hill bandwidth” (where the response 
first equals that of the “response hills’, where occur the uniform minimum 
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Fig. 16—Maximum rate of cutoff for 5-pole and for 5-pole 4-zero filters. 
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M-derived and equivalent filters continued 
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attenuation in the reject band). Thus each point specifies a different relative 
attenuation shape. 


Comparison of the curves for 2-poles no-zero with those for 2 poles 
2 zeros shows the improvement in cutoff rate that is obtainable when zeros 
are correctly added to the network. More complete attenuation information 
on the 2-pole no-zero configuration has been presented on Fig. 5. Again, it 
is stressed that data of Figs. 5 and 13 represent the actual attenuation 
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Fig. 17—Maximum rate of cutoff for 6-pole and for 6-pole 6-zero filters. 
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the rates of cutoff and the attenuation shapes predicted by the simple 
image’ theory are unobtainable in physically realizable networks. 


the specified number of poles and zeros, and with equal-ripple-type 


The rates of cutoff shown are the best that are possible of attainment with 
behavior. 
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M-derived and equivalent filters continued 


Resistive terminations and n even 


It is evident from the attenuation shapes of Figs. 13, 15, and 17 that for an 
M-derived network having an even number of arms, the optimum shape 
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Fig. 19—Maximum rate of cutoff for 4-pole and 4-pole 2-zero filters. 
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M-derived and equivalent filters continued 


given by (8) produces a finite attenuation at an infinite frequency. This 
requires a completely reactive termination at one end of the network. 
lf resistive terminations must be used, then the optimum shape that is prac- 
tically realizable with an even number of arms is given by 


ee ey Ku 
Ce) = + [GY - JO?) 9 


8.0 9.0 10.0 


7.0 


6.0 


1.0 


(bw)/(bw)s4, 
5.0 


4.0 


EA 
fe _ 


}*— 6 poles, 4 zeros ——e+e—— 6 poles, no zeros ——vy 


2.0 


A) 


(bw),/(bw) 54, for low-pass and band-pass 


JFFEHA 
WT 7 


(bw)sqp /(bw), for high-pass and band-reject 


Fig. 20—Maximum rate of cutoff for 6-pole and 6-pole 4-zero filters. 
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M-derived and equivalent filters — continued 
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The modulus v is given by (9) and the modulus f by (10). 


Solving (13) then gives the ratio of hill-to-valley bandwidth as 


Xh ] 


MeN wera (15) 
Xy f cdy (K;/n) 


This optimum attenuation shape (13) produces two fewer points of infinite 
rejection, or response zeros than response poles. In contrast, (8) requires an 
equal number of zeros and poles. 


If the ripples in the pass band approach zero decibels (Vp/V,= 1) then, as 
a limit, (13) becomes 


2 a) aes 
(“*) bi a ck al. (16) 


cosh? (n cosh + y) 


(2 *) “| 
y= 11-5 cosh fh 4essinta 
x n n 


Based on (13) and (16), the rates of cutoff have been plotted in Figs. 19 
and 20 for 4-pole 2-zero and for 6-pole 4-zero filters. Fig. 5 already has 
presented the data for a 2-pole no-zero network, the simplest case. An 
increase in rate of cutoff results when n—2 response zeros are suitably 
added to n response poles as shown by the dotted curves in Figs. 19 and 
20; the data being derived from Figs. 7 and 9. 


Circuit-element values 


This section concerns the values of the circuit elements required to produce 
the optimum relative-attenuation shapes of constant-K-configuration filters. 
There are two convenient ways of expressing the element values for these 
ladder networks. 


a. The reactive and resistive components of each element may be related 
to one of the terminating resistances (or to a completely arbitrary normalizing 
resistance Ro) and also to a definite bandwidth, usually the 3-decibels-down — 
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value. The numerical results are called ladder-network coefficients or singly 
loaded Q's, 


b. The reactive component of each element may be related to the reactive 
part of the immediately preceding element, and to a definite bandwidth 
such as the 3-decibel-down value. These numerical results are called the 
normalized coefficients of coupling. The resistive component of each ele- 
ment is related to its reactive part and the numerical values are called nor- 
malized decrements or, when inverted, normalized Q's. 


The latter form of normalized coefficients of coupling k and normalized 
Q's (= q) will be used because the numerical values may be applied 
directly to the adjustment and checking of actual filters. 


Figs. 21-24 relate the normalized k and q to the inductance, capacitance, 
and resistance values for various types of filters. 


For low-pass filters, Fig. 21 shows that k gives the ratio of resonant frequency 


B 


Fig. 21—Relations among normalized k and q and values of inductance, capacitance, and 
resistance for low-pass and large-percentage-band-pass circuits. 

A—Shunt arm at one end. 1/(C,L2)!/? = ky2w3db, 1/(L2C3)!/2= ko3wsdb, 1/(C3L4)!/2=ks4wsap, etc. 
G1/C,=(1/qi)wsabr 2 = (wsdd L2)/Rar 93 = (wsad C3)/Gs, qa = (wsdb L4)/Ra, ete. 


B—Series arm at one end, 1/(L,C2)/2 = ki.w3ab, 1/(CoL3)'/2 is ko3w3db, 1/(L3C,)!/2 ae ksawsdb, 
ete. Ri/L; = (1/qi)wsab, G2 = (wsdb C2)/G2, a3 = (wsdb L3)/Rsr q4 = (wsab Ca)/Gu, ete. 


To design a bandpass circuit, the total required 3-decibel-down bandwidth should replace 
w3db, an inductor should be connected across each shunt capacitor, and a capacitor put in 
series with each series inductor; each such circuit being resonated to the geometric mean 
frequency fo = (f; fo) 1/2 
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Circuit-element values continued 


of two immediately adjacent elements to the over-all 3-decibels-down 
frequency. The resonant frequency of Cy, and Lg» in this example must be 
ki» times the required over-all 3-decibels-down bandwidth. 


Fig. 22—Relations among normalized k and q and values of inductance, capacitance, and 
resistance for high-pass and large-percentage-band-reject circuits. 


A—Shunt arm at one end. 1/(L,C2)!/2 = (1/ky2)wsab, (1/Col3)!/2 = (1/kes)wsap, 1/(L3 C4)/2 
= (1/k34)wsap, ete. (R;/L1) = qiwsdb. All reactances are assumed to be lossless. 


B—Sefies arm at one end. 1/(CyL2)1/2 — (1/kj2)wsab, 1/(L2C3)'/2 cae (1/ko3)wsab, 1/(C3L4)!/2 
= (1/k34)w3db, ete. (G;/C,) = qiwsap. All reactances are assumed to be lossless. To design 
a band-reject circuit, the total required 3-decibel-down bandwidth should replace wsdb, 
a capacitor should be placed in series with each shunt inductor, and an inductor in shunt of 
each series capacitor; each such circuit being resonated to the geometric mean frequency 


fo = (F, fa)!/2, 


Fig. 23—Relations among normalized k and q and values of inductance, capacitance, and 
resistance for small-percentage-band-pass circuits. 


A—Parallel-resonant circuits. Cy2/(C,C2)!/? = ky2[(bw)sap/fol, (Le L3)!/2/Los == kos[(bw)sav/fol, 
Msz4/(L3L4)!/2= kga[(bw)sab/fol, ete. Q1 = qui [fo/(bw) sav], qz2 = Q:2/[fo/(bw) sav], qs = Qs3/[Fo 
/(bw)sab], a4 = Qa/(fo/(bw)sap), ete. Any adjacent pair of resonators may be coupled by 
any of the three methods shown. Each node must resonate at fy with all other nodes 
short-circuited. 


B—Series-resonant circuits. Lio/(LyL2)1/2 = k12[(bw)sap/fol, (C2C3)!/2/ Cog —s ko3[(bw)3ab/fo], 
M34/(L3L4)!/? = kga[(bw)sab/fol, ete. Q1 = qulfo/(bw)sab], a2 = Qz/|[fo/(bw)sap], a3 = Qs/ 
[fo/(bw)sab], a4 = Q,[fo/(bw)sap]. Any adjacent pair or resonators may be coupled by any 
of the three methods shown. Each mesh must resonate at fp with all other meshes open- 


circuited. 
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Fig. 21 also gives as the inverse of q, the ratio of the 3-decibels-down 
bandwidth of a single element resulting from the resistive load and losses 
associated with it, to the required 3-decibels-down bandwidth of the over- 
all filter. Thus, 1/RiC; is the 3-decibels-down radian bandwidth of C; and 
the conductance G, that must be shunted across it. If Cy and G; are properly 
chosen, the measured bandwidth of these elements at their 3-decibels-down 
point will be 1/qy times the required over-all 3-decibels-down bandwidth 
of the filter. 


The legend of Fig. 21 shows how it is applicable also to large-percentage 
band-pass filters. 


Fig. 22 gives the required information for high-pass and large-percentage 
band-reject filters. 


Similar data are given in Fig. 23 for small-percentage bandpass filters. It 
should be noted that the required actual coefficient of coupling between 
resonant circuits, Mas/ (Lals)/? for example, may be obtained by multiplying 
the required over-all fractional 3-decibels-down bandwidth by the nor- 


Fig. 24—Relations among normalized k and q and values of inductance, capacitance, and 
resistance for small-percentage-band-reject circuits. 


A—Series-resonant circuits. X;2/(X:Xz)'!2 = (1/k12)[(bw)sap/fol, Xo3/(X2X3)!/2 = (1 /kes) 
[(bw)sap/fo], ete. Xi/Ri = (1/qi) [folbw)sap], Xn/Rn = (1/qn) [fo/(bw)sap]. All resonant 
circuits are assumed to be lossless. Any adjacent pair of resonators may be coupled by 
either of the two 7 (or their dual T) couplings shown. The reactances X are measured at 
the midfrequency of the reject band. 


B—Parallel-resonant circuits. By2/(B,B2)'/2 = (1/k,2)[(bw)sap/fol, Bo3/(B2Bs)"/2, =(1/ kos) 
[(bw)sap/fo], ete. Bi/G: = (1/q:) [fo/(bw) sap], Bn/Gn = (1/qn) [fo/(bw)sap]- 
- All resonant circuits are assumed to be lossless. Any adjacent pair of resonators may be 


coupled by either of the two T (or their dual 7) couplings shown. The susceptances B are 
measured at the midfrequency of the reject band. 
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malized coefficient of coupling. The required actual resonant-circuit Q 
results from multiplying the fractional midfrequency by q. An experimental 
procedure for checking k and q values is available.* Fractional midfrequency 
f/ (bw) sap = reciprocal of fractional 3-decibels-down bandwidth. 


Fig. 24 supplies the data for small-percentage band-reject filters. 


Butterworth, Chebishev, and maximally linear phase designs 


Elegant closed-form equations for k and q values producing optimum 
Chebishev and Butterworth response shapes for filters having any number 
of total arms may be obtained if lossless reactances are used.f The design 
data in Figs. 25-30 are based on such equations. The k and q values for the 
maximally linear phase shape result from the Darlington synthesis procedure 
applied to (6). The tables provide data for two limiting cases of ter- 
minations; equal resistive loading at the two ends of the filter and resistive 
loading at only one end. 


For Figs. 25-30, the (Vp/V»)ap column gives the ripple in decibels in the 
passband, and the corresponding curves on Figs. 5-10 give the complete 
attenuation shape. 


For low-pass CUMS, Fig. 25—2-pole no-zero filter 3-decibel-down k and q 
Q2,3,4... is the required values. 


unloaded Q, measured at 


(V / V.)ab | 1 | ky2 | 2 

the required 3-decibel- - | 

down frequency, of the Equal resistive terminations 

internal inductors and ca- linear phase 0.576 0.899 2.15 
pacitors to be used. For 0 1.414 0.707 1.414 
band-pass circuits, the un- 0.3 1.82 0.717 1.82 

1.0 2.21 0.739 Pe A 

loaded resonator Q re- 3.0 3.13 0.779 3.13 


quired in the internal 


‘ ; Resistive termination at only one end 
resonators is obtained by 


multiplying the required Linear phase 0.455 12y, >10 

: : : 0 0.707 1.00 >14 
3-decibel fractional mid- 0.3 0.910 0.904 >18 
frequency [fo/(bw) sap] by 1.0 1.11 0.866 >23 
Caats 3.0 1.56 0.840 > 32 


*M. Dishal, “Alignment and Adjustment of Synchronously Tuned Multiple-Resonant-Circuit 
Filters,” Proceedings of the IRE, vol. 39, pp. 1448-1455; November, 1951: Also, Electrical Com- 
munication, vol. 29, pp. 154-164; June, 1952. 


+ V. Belevitch, “Tchebyshev Filters and Amplifier Networks," Wireless Engineer, vol. 29, 
pp. 106-110; April, 1952. H. J. Orchard, “Formulae for Ladder Filters,’ Wireless Engineer, voi. 
30, pp. 3-5; January, 1953. E. Green, “Exact Amplitude—Frequency Characteristics of Ladder 
Networks,"’ Marconi Review, vol. 16, no. 108, pp. 25-68; 1953. M. Dishal, “Two New Equations 
for the Design of Filters,” Electrical Communication, vol. 30, pp. 324-337; December, 1952. 
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It should be realized that designs can be made that call for unloaded Q's 
that are one-tenth of those called for in these designs. 


For the detailed way in which the q and k columns fix the required element 
values see Figs. 21, 22, 23, and 24 and related discussion. 


The first column of the tables gives the peak-to-valley ratio within the 
pass band. 


Except for Fig. 25, the second column gives the unloaded q of the elements 
on which the remaining design values are based. Proceeding across the 
table, figuratively from the left end of the filter, the next column gives qi 


Fig. 26—3-pole no-zero filter 3-decibel-down k and q values. 
(V,>/Vo)an | q | 1 | kis | kos | q3 


Equal resistive terminations 


Linear phase >10 0.338 1.74 0.682 2.21 
0 > 20 1.00 0.707 0.707 1.00 
0.1 >29 1.43 0.665 0.665 1.43 
1.0 >45 2.21 0.645 0.645 zat 
3.0 > 67 3.36 0.647 0.647 3.36 


Resistive termination at only one end 


» Linear phase >10 0.293 2.01 0.899 >10 
0 > 20 0.500 1-22 0.707 > 20 
0.1 oe 0.714 0.961 0.661 pee 
1.0 >45 1.11 0.785 0.645 >45 
3.0 >67 1.68 0.714 0.649 > 67 


Fig. 27—4-pole no-zero filter 3-decibel-down k and q values. 
(V,/Vo)ab | 92,3 q1 ky2 | kog | k34 | 4 


a | | 


Equal resistive terminations 


linear phase >10 2.24 0.644 L175 25a 0.233 
0 > 26 0.766 0.840 0.542 0.840 0.766 
0.01 > 36 1.05 0.737 0.541 0.737. 1.05 
0.1 > 46 1.34 0.690 0.542 0.690 1.34 
1.0 >76 2.21 0.638 0.546 0.638 2.21 
3.0 >118 3.45 0.624 0.555 0.624 3.45 


Resistive termination at only one end 


linear phase > 10 0.211 2.78 1.29 0.828 > 10 


0 > 26 0.383 1.56 0.765 0.644 > 26 
0.01 > 36 0.524 1.20 0.666 0.621 > 36 
0.1 >46 0.667 1.01 0.626 0.618 > 46 
1.0 >76 1.10 0.781 0.578 0.614 >76 


3.0 > 118 1.72 0.692 0.567 0.609 >118 
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from which with the aid of Figs. 21-24 the relation between the terminating 
resistance R; and the first reactance element is obtained. The next column 
for ki2 with Figs. 21-24 provides for the relation between the first and second 
reactances. Continuing across the table, all relations between adjacent 
elements will be obtained including that of the right-hand terminating 


resistance. 


Example 


Reverting to the previous example, a filter is required having (bw) s0ap/ (bW) 1ap 


Fig. 28—5-pole no-zero filter 3-decibel-down k and q values. 


(V,/Ve)ab 


q2,3,4 


Equal resistive terminations 


> 32 
>43 
> 68 
> 118 


> 182 


71 


0.618 
0.822 
be) 
2.21 
3.47 


Resistive termination at only one end 


Linear phase 


0 
0.001 
0.1 
1.0 
3.0 


Fig. 29—6-pole no-zero filter 3-decibel-down k and q values. 


(V>/Vo)ab | 2,345 | 


eA \¢) 
> 32 
> 43 
> 68 
PIs 


> 182 


q 


Equal resistive terminations 


0 
0.001 
0.01 
0.1 
1.0 
3.0 


> 39 
>S5i 
> 69 
>95 
> 168 
> 261 


0.518 
0.679 
0.936 
1.27 
2.29 
3.51 


Vale 

0.967 
0.810 
0.716 
0.631 
0.610 


Resistive termination at only one end 


Linear phase 
0 
0.001 
0.01 
0.1 
1.0 
3.0 


eo 
> 39 
> 51 
> 69 
>95 


> 168 


> 261 


O:129 
0.259 
0.340 
0.468 
0.637 
1.12 

1.75 


4.55 
YP Ae) 
1.76 
1.34 
1.06 
0.771 


0.673 


kos 


0.566 


0.535 
0.538 
0.538 


1.14 

0.655 
0.603 
0.560 
0.544 
0.542 


0.606 
0.573 
0.550 
0.539 
0.531 
0.582 


1.09 

0.606 
0.573 
0.550 
0.539 
0.531 
0.531 
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= 2.5 and V,/V,< 1 decibel. The 5-pole no-zero response with a pass- 
band peak-to-valley ratio of 1 decibel in Fig. 8 satisfied the requirement. 


Fig. 28 is for 5-pole networks and if the terminations are to be equal 
resistive loads, the upper part of the table should be used. If a shunt capaci- 
tance is to appear at one end of the low-pass filter, Fig. 21A will apply. 


Reading along the fourth row for (Vp/V») ap» = 1, the second column requires 
normalized unloaded Q's of at least 118 at the over-all 3-decibels-down 
frequency, which for this example is 31 kilocycles. Realize that much-lower 
unloaded-Q designs can be accomplished. 


The required value of qi = 2.21 is found in the third column. From Fig. 
21A, 1/RiC, = 0.45] wsap from which Ry or Ci may be obtained. Experi- 
mentally, the 3-decibels-down bandwidth of RiCi must measure 0.451 times 
the required 3-decibels-down bandwidth or 31 X 0.451 = 14 kilocycles. 


From the table, a value of 0.633 is obtained for kiz and from Fig. 21A it is 
found that 1/(CyLl2)1/2 = 0.633wsap. This means that a resonant circuit 


made up of C; and L» must tune to 0.633 times the required 3-decibels-down 
bandwidth or 31 X 0.633 = 19.7 kilocycles. 


In this fashion, all the remaining elements are determined. Any one of them 
may be set arbitrarily (for instance, the input load resistance Ry), but once 
it has been set, all other values are rigidly determined by the k and q 
factors. 


Fig. 30—7-pole no-zero filter 3-decibel-down k and q values. 


(Vp/Voddb | 23,456 | a | kre | kes | koa | kas | ss | ker | a7 
Equal resistive termination 
0 >45 0.445 | 1.44 0.669 | 0.528 | 0.528 | 0.669 | 1.44 0.445 
0.00001 Be MSY) 0.580 | 1.10 O.61E 7 O52 0S2140.611 1.10 0.580 
0.001 PFE) 0.741 1, 0:930-) 0.579 | 0.519 | 0.519") 0.579 1 0.930" |) 0-741 
0.01 99 0.912 | 0.830 | 0.560 | 0.519 | 0.519 | 0.560 | 0.830 |} 0.912 
0.1 by 1.26 0:723° 0:54 k-|+-0.517—| 0.517 »-|-0.641--|--0,723 1.26 
1.0 223 EDS 0.631. |. 0.530, | 0.517 | 0.517 | 0.530 } 0.631 2.25 
0 303 3.52 0.607; | 0.529 | 0.519 4 0:519 | 0.529 | 0.607 | 3.52 


Resistive termination at only one end 


Linear phase Pan O05: 145.53 2.53 V2 too 1.08 0.804 | >11] 
0 >45 O22352 182.62 1.20 0521s 0:6598 | 5 0:579 0.598 >45 
0.00001 ply) 02290) 15205 0.981 WOF1O IC 0.600.552) iO S898) > 58 
0.001 S15 0.370 | 1.64 0.830 | 0.642 | 0.570 | 0.541 | 0.588 | >75 
0.01 o3 0.456 | 1.38 0.744 | 0.602 | 0.551 | 0.538 | 0.588 | >93 
0.1 27, 0.629 | 1.08 0.645.150.5608 ".0:53 15 0.530: |" 0.587," [127 
1.0 5223 1512 |0.770 |. 0.564%) 0.580 || 0,521 «|, 0.527 | 0.587...) > 223 
3.0 > 353 1.76 0.469 | 0.549 | 0.523 | 0.520 | 0.528 | 0.588 | >353 
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Elements of lower @ 


Designs may be based on elements having unloaded Q's of only 1/10th 
those given in Figs. 25-30. These designs are necessary for small-percentage 
band-pass filters. As is evident from Fig. 23, the Q of the internal resonators 
measured at the midfrequency must be the normalized q multiplied by the 
fractional midfrequency fo/ (bw) sap. If the bandwidth percentage is small, the 
fractional midfrequency and therefore the actually required Q will be large. 


Practical values of end q’s and all k’s will result if the internal elements 
have finite qg’s above the minimum values given in Figs. 5-10. For a required 
response shape, such as for 0.1-decibel pass-band ripple, the resulting data 
can be expressed as in Figs. 31-36. These curves are for zero-decibel 
ripple (Butterworth) and for the maximally linear phase shape. 


Fig. 31—3-pole filter of finite-Q elements producing a maximally flat amplitude shape. See 
curve I of Fig. 5. 
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Example 


a. The filter to be designed must have a relative attenuation of (bw) zoap/ 
(bw) say = 5 and there must be no ripple in the pass band. Curve 1 of Fig. 8 
satisfies these conditions and calls for a 5-pole network. 


b. The specified fractional midfrequency is 20 (pass band = 5 percent of the 
midfrequency), the Qmin from Fig. 8 becomes 3.24 X 20 = 65. Assume 
further that resonators with unloaded midfrequency Q's of 100 are available. 
As the normalized unloaded g is the actual unloaded Q divided by the 
fractional midfrequency, the filter must produce a Butterworth shape with 
5 resonators having normalized unloaded q's of 100/20 = 5. 


¢. There are three possible generator and load conditions. 
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Fig. 32—3-pole filter of finite-Q elements producing a maximally linear phase shape. See 
Fig. 10. 
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1. Resistive generator and resistive load. It is usually desirable to maximize 
the ratio of the power delivered to the load to that available from the 
generator. The generator resistance and the load resistances will have to be 
tapped onto their associated resonators to obtain the required qi and qn. 


2. Resistive generator and reactive load or vice versa. The function to be 
considered here is the transfer impedance or admittance. Again the resistive 
impedance must be transformed by tapping it onto the associated resonator. 


3. Reactive generator and load. The transfer impedance or admittance is 
the significant factor and a loading resistance must be added to either or 
both end resonators. 
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Fig. 33—4-pole filter of finite-Q elements producing a maximally flat amplitude shape. See 
curve | of Fig. 6. 
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Figs. 31-36 provide optimum design data for cases (2) and (3). 


Assuming a high-impedance filter to be required, the network of Fig. 37 
might well be used. High-side capacitance coupling will be employed and 
the element values will be obtained from Fig. 35. 


a. The qi curve of Fig. 35 intersects the abscissa value of 5 at 0.405. By 
tapping a resistive generator or load onto it, or placing a resistor across it, 
the resonator C,L; must be loaded to produce an actual Q of 

0.405 fo/(bw) sap = 8.1 (see Fig. 23A). 


b. As a convenience, the same size of inductor may be used for resonating 
each node, say 4 millihenries. For a required midfrequency of 80 kilocycles 


Kee | | 0.828 


Fig. 34—4-pole filter of finite-Q elements producing a Saheb a linear phase shape. See 
Fig. 10. 
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for this example, each node total capacitance will be 1000 micromicro- 
farads. 


¢. Again from Fig. 35, we get kiz of 1.35 for an abscissa value of S. From 
Fig. 23, Crp = 1.35 [(bw) sap/fo] (CiCo) 1/2 = 1.35 X 0.05 X 1000 = 67.5 
micromicrofarads. At the midfrequency of 80 kilocycles, node 1 must be 

resonant when all other nodes are short-circuited. To produce the required — 
capacitance in shunt of L1, Ca must be 1000 — 67.5 = 933 micromicrofarads. 


d. From Fig. 35, a value of 0.67 is obtained for k23, and C23 = 0.67 X 0.05 X 
1000 = 33.5 micromicrofarads. To resonate node 2 at the midfrequency 
with all other nodes short-circuited C, = 1000 — 33.5 — 67.5 = 899 micro- 
microfarads. 


0.1 
3.29 4 S$, 6° 7" 8 9 tO 15 20 625 630 40 50 607080 


q,, 3,4,8 


Fig. 35—5-pole filter of finite-Q elements producing a maximally flat amplitude shape. See : 
curve | of Fig. 7. 
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Fig. 36—5-pole filter of finite-Q elements producing a maximally linear phase shape. See 
Fig. 10. 


Fig. 37—5-resonator filter with high-side capacitance coupling. 
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e. Additional computations give values for C34 of 0.53 & 0.05 * 1000 
26.5 micromicrofarads, C, = 1000 — 33.5 — 26.5 = 940, C45 = 0.73 
0.05 X 1000 = 36.5, Cz: = 1000 — 36.5 — 26.5 = 937, and C, = 1000 
36.5 = 963.5 micromicrofarads. 


pox 


All inductances will be identical and of 4 millihenries and there will be no 
inductive coupling among them. 


Stagger tuning of single-tuned interstages 
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Butterworth response (Figs. 4 and 38) 
The required Q's are given by 


of == (bw) g/fo rif: (* cnc el 90°) 
Qn VW (Vp/V_el? — 1 n 


The required stagger tuning is given by 


(bw) 2m —= lt 
Go fila aut cos ( a 90°) 


n 


[(Vp/Va)2 — 1]¥2 
(eh fely = ho 


ame emp cuss a= auc cues a> aeep acx=me cae OC 


1 
Mmax > (n odd) 


n 
Mmax = = (n even) 

2 Fig. 38—Stagger-tuned interstages for] 
response shape B. Each circuit coupled | 
to the next only by the tube. 


n = total number of 
tuned circuits Q, 


et 
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Stagger tuning of single-tuned interstages continued 
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The amplitude response is given by 
Vp/V = {1 + [(Vp/V_)? — 1] [(bw) / (bw) g]2"} 1/2 


(bw) _ - —] je 
(bw) g (Vp/V_)? a | 


: dia 
eV V2— 1 


"2 log [lbw) / lbw) l 
4 Gm 
St ee ST V1? = 1p tee 
age gai Imlbwiec | p/ Ve 
or 
. (total gain) 
a 2 Al, /Vel? — 12? 
Gm 
oe 
: (f=) 
where 


Qm = geometric-mean transconductance of n tubes 
C = geometric-mean capacitance 


Chebishev response (Figs. 4 and 39) 


The required Q's are given by 


I (bw) g , E — | 
— = on Pees pA) 
5. fo sin : 


1 ] 
. h ae . h-! af. Same eee ee 
fo t oo NV /Vse = om iy 


The required stagger tuning is given by 


(bw) gCn cos (# a 90° ) 
n 


2fo 


Sn 


oe fe) mn 


I 


et ft) 


1 l 
= _e¥ h-1 3S Nt eS 
C, = cosh : sin iv,/val? 1] at 


22) 
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Stagger tuning of single-tuned interstages — continued 
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Shape outside pass band is 


2 1/2 
Vp = { “bh | “) — | cosh? [ cosh7! wh | 
V Ve (bw) g 


ya 1/2 
LMT acai idl cet Fan ‘I 
n (Vp/Val? — 1] f 


7 po 1/2 
aie seed 
” (Vp/Val? — 1 
cosh [ (bw) / (bw) g] 


Shape inside pass band is 


lbWerest _ oun (2 — | 70°) 


(bw) g n 
(bW) trough Seas: 2m 99° 
(bw) g n 


n+1 


Mmax >= 2 (n odd) 
n 
Mmex= > (n even) 
n = total number of Fig. 39—Stagger-tuned interstages for} 
tuned circuits response shape C. Each circuit coupled 


Q; to the next only by the tube. 
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Stagger tuning of single-tuned interstages continued 


Stage gain = ——9" __ [(v,,/V)2 — 1] 1/2n 


Be | (total gain) 
x [(Vp/Vg)? — 1] 1” 


log |= 
m™ (bw) gC 


dm = geometric-mean transconductance of n tubes 


n= 


where 


C = geometric-mean capacitance 


Quariz-crystal band-pass filters 


When a filter requires a small-percentage bandwidth as well as a high rate 
of cutoff, it is not practical to obtain sufficiently high unloaded Q in ordinary 
L-C resonators. Such filters can be constructed utilizing piezoelectric quartz 
crystals or mechanically resonant rods of some low-mechanical-loss material 


such as NiSpan-C. 


The design information presented in Figs. 25-31 can be applied to filters 
of the constant-K type using rods. However, frequent use is made of quartz 
crystals in a lattice structure, to which the following design information is 
applicable. 


High-impedance lattice filters 


An “open-circuited” lattice is shown in Fig. 40. The arrangements of the 
impedance arms Z4 and Zz are shown in Fig. 41. In each arm there is an 
L-C parallel-resonant circuit shunted by (n/2) — 1 quartz crystals. The 
number of complex poles in the 
transfer function is equal the n. The 
L-C circuit is loaded by Rp, to give 
the required Qy = woCpRp. Its 
Capacitance includes those of the 
crystal holders and it is resonant to 
(fp + Af,) as shown in the dia- 
grams. The motional capacitance 
mCi, Co, Cz, etc., must have a par- 
ticular value, and each crystal must 
be resonant to a particular fre- Fig. 40—High-impedance lattice section. 
quency, (fo +— Af;), (fo = Af), etc. 
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Quartz-crystal band-pass filters continued 


Frequently, divided-electrode crystals are used so one crystal can be used 
for the identical resonators in the two series arms, and likewise in the 
lattice arms. o 


The structure can be modified 
by converting the lattice to its 
equivalent in accordance with 
Fig. 42. The elements Z that are 
lifted out of the arms and 
shunted across the terminals 
consist of Ly, Rp, and most of C,. 


2, > Ll, 


Design information 


The data of Fig. 43 is for the 
Chebishev and _ Butterworth 
response. shapes of 4-pole 
no-zero networks for which the 
relative attenuation is plotted 
in Fig. 7. Similarly, Fig. 44 is for 6-pole no-zero networks, plotted in Fig. 9. 


-Af, +Af, -Af, +Af, 


Fig. 41—Detailed structure of the lattice arms 
indicated in Fig. 40. 


Examination of the tables shows that the required Q, of the L-C parallel- 
resonant circuit is roughly the same as the fractional midfrequency. This — 


Fig. 42—Equivalent lattices. 


limits the practical design to fo/(bw) sap less than about 250. A lower limit 
to the fo/(bw) sap is of the order of 10 due to the fact that C,/Cy is roughly 
equal to the square of fo/(bw) sap, and C, includes those of the crystal 
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Quartz-crystal band-pass filters continued 
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holders and coil and stray distributed capacitances, so cannot be reduced 
indefinitely. 


The impedance Z in (Fig. 42), must include the equivalent-generator and 
equivalent-load impedances. Since R, often comes to some hundreds of 


| Coy. Cc, Q, 
(Vp/Vo)ab Af,/Afsap |[fo/(bw)3ap|?| fo/(bw) sap 
0 0.542 1.414 0.766 
0.001 0.541 1.66 0.912 
0.01 0.540 1.84 1.05 
0.1 0.541 2.10 1.34 
1.0 0.546 2.46 PO 
3.0 0.552 2.57 3.44 


Fig. 43—4-pole no-zero lattice-filter design for Chebishev response. 


-Af,=0 +Af, -Af, 


| | C,/C, Qp 
(V,/Vo)ab Af, /Afsap C,/C2 Afo/Afsap_ |[fo/(bw)sap]?| fo/(bw)3ap 
0 0.400 2.30 0.920 1.05 0.518 
0.0001 0.370 2.40 0.889 1.51 0.680 
0.01 0.350 BLM 0.869 2.14 0.936 
0.1 0.339 253 0.859 273 1.28 
1.0 0.330 257, 0.850 3.49 2.25 
3.0 0.332 2.58 0.858 SIP 3.51 


Fig. 44—6-pole no-zero lattice-filter design for Chebishev response. 
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Quartz-crystal band-pass filters continued 


thousands of ohms, it is obvious that this type of filter requires a very-high- 
impedance equivalent generator and load. 


Example 


Required, a filter for fo = 175 kilocycles, (bwW)sayp = 2.0 kilocycles, 
(bw) oan < 5.0 kilocycles, (Vp/V») ap < 0.3. 


Then, fo/(bw) sap = 87.5 and (bw)ecap/ (bw) san < 2.5. The latter require- 
ment is satisfied by the curve for (Vp/V») ap = 0.1-decibel ripple on Fig. 9 
with a 6-pole, no-zero network. The internal resonators must have 
Gmin fo/ (bw) sap = 9.5 X 87.5 = 831. This is far beyond L-C possibilities, 
but crystal unloaded Q usually exceeds 25,000. 


In Fig. 43, let Cy = 0.020 micromicrofarads, which can be obtained. Lower 
values for Ceo can also be realized. 


Cy = C,/2.53 = 0.00800 micromicrofarads. 
Af; = 0.339Afsap = 0.339 & 1000 = 339 cycles 


Then the first crystal in arm A is series-resonant at 175 kilocycles minus 339 
cycles. In arm B, it is plus 339 cycles. 


Similarly, Afp = 0.859 & 1000 = 859 cycles. 
In the parallel-resonant circuits, 
Cy = 2.73 Ci [fo/ (bw) san]? = 2.73 X 0.020 X (87.5)? = 422 micromicrofarads 


Since Fp = 0, they are parallel-resonant at 175 kilocycles. The loaded 
Q,> = 1.28 x 8.75 = 112. The equivalent 


Ro = Qp/2m foCp = 112/24 X 175 X 422 X 107% = 240,000 ohms 


If the unloaded Q of the inductor L, is 200, the added loading due to 
generator or load must be in excess of one-half megohm. 


Low-impedance generator and load 


A low-impedance generator and/or load may be used with above filter 
design by the following procedure: 


After the arms of Fig. 41 have been designed, convert the resulting lattice — 
of Fig. 40 to the configuration of Fig. 42 so that the Z across each end of the 
filter consists of Ly, Rp, and most of C,. Then use either of the following two 
steps: 
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Quartz-crystal band-pass filters continued 
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a. Couple the generator to one Ly and load to the other L» via mutual 
inductance, with an effective turns ratio that transforms the low impedance 
to the value required to produce the proper Ry across each Z. 


b. In each Z, across the filter ends, open the inductor L, at its midpoint and 
connect directly in series with L, a generator and load of the proper 
resistance R, to produce the required Q,. The required terminal resistances 
R, can be calculated from the simple relationship that, with series loading, 


= ihe 


With practical crystals, the value of Rs is some tens of ohms for percentage 
bandwidths around 1 percent, and some hundreds of ohms for bandwidths 
around 5 percent. 
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m@ Filters, simple bandpass design 


Coefficient of coupling* 


Several types of coupled circuits are shown in Figs. 1B to F, together with 
formulas for the coefficient of coupling in each case. Also shown is the 
dependence of bandwidth on resonance frequency. This dependence is 
only a rough approximation to show the trend and may be altered radically 
if Lm, M, Or Cn are adjusted as the circuits are tuned to various frequencies. 


k= Nien) Neon = coefficient of coupling 
X20 = coupling reactance at resonance frequency fg 
X10 = reactance of inductor lor capacitor) of first circuit at fo 
X29 = reactance of similar element of second circuit at fy 
(bw) 
(bw) 7, 


bandwidth with capacitive tuning 


bandwidth with inductive tuning 


Gain at resonance 


Single circuit 


In Fig. 1A, 

Eo 

— = —g, |Xio| Q 
E, Om |X1o| 
where 


Ey = output volts at resonance frequency fo 


E, = input volts to grid of driving tube 


Q 
3 
| 


= transconductance of driving tube 


Pair of coupled circuits (Figs. 2 and 3) 
In any figure—Figs. 1B to F, 


Eg i kQ 
Fs = Som Mies Q T+ RQ? 


This is maximum at critical coupling, where kQ = 1. 


Q= VA = geometric-mean Q for the two circuits, as loaded with the 
tube grid and plate impedances 


* See alsa “Coefficient of coupling—geometrical consideration," pp. 141-142. 
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Gain at resonance continued 


For circuits with critical coupling and over coupling, the approximate gain is 


col 


Eg 


0.1 gm 
V-CiC, (bw) 


where (bw) is the useful pass band in megacycles, gm is in micromhos, and 
C is in micromicrofarads. 


P B F G 
Fig. 2—Connection wherein k,, op- Fig. 3—Connection wherein k,, aids 
poses k,. (k, may be due to stray k.. If mutual-inductance coupling is 
capacitance.) Peak of attenuation is at reversed, k,, will oppose k, and there 
a ba “al Kew Reversing connec- will be a transfer minimum at 


tions or winding direction of one coil f = fyV - m| Kes 
causes k,, to aid k,. 


Selectivity far from resonance 
SERS ER AEE SE COA ESET ES EAE EOI, 


The selectivity curves of Fig. 4 are based on the presence of only a single 
type of coupling between the circuits. The curves are useful beyond the 
peak region treated on pp. 241-246. 


In the equations for selectivity in Fig. 1 
E = output volts at signal frequency f for same value of F, as that pro- 


ducing Eo 


For inductive coupling 


rorel-§-" (> te? 
my 1+ Q? f fo 1+ RQ? f 


For capacitive coupling 


A is defined by a similar equation, except that the neglected term is 
— k?(fo/fl?. The 180-degree phase shift far from resonance is indicated by 
the minus sign in the expression for Eo/E. 
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Selectivity far from resonance continued 
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-40 


decibels response = 20 logio |E/Eo| 


-100 


120 


—140 


Fig. 4—Selectivity for frequencies far from resonance. Q 


100 and |k] Q = 1.0. 


Example: The use of the curves, Figs. 4, 5, and 6, is indicated by the following 
example. Given the circuit of Fig. 1C with input to PB, across capacitor Ci. 
Let Q = S50, kQ = 1.50, and fo = 16.0 megacycles. Required is the response 
at f = 8.0 megacycles. 


Here f/fp = 0.50 and curve C, Fig. 4, gives —75 decibels. Then applying 
the corrections from Figs. 5 and 6 for Q and kQ, we find 


Response = —/75 + 12 + 4 = —59 decibels 


ez 
= +20 a) “ 
rv] 2 7) 
S = 
a= oa we) 
Go ‘So 
© +10 © o 
> a i 
> 
& ° 
“ ino) 
= 
= 
£ 0 x?) 
ay “ 
© — 
7) 
2 
2 10 4 
© ® 
a) so 


~20 


Fig. 5—Correction for Q ~ 100. Fig. 6—Correction for |k|Q ~ 1.0. 
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Selectivity of single- and deuble-tuned circuits near resonance 


Formulas and curves are presented for the selectivity and phase shift: 


Of n single-tuned circuits 
Of m pairs of coupled tuned circuits 


The conditions assumed are 
a. All circuits are tuned to the same frequency fo. 


b. All circuits have the same Q, or each pair of circuits includes one circuit 
having Q; and the other having Qe. 


c. Otherwise the circuits need not be identical. 


d. Each successive circuit or pair of circuits is isolated from the preceding 
and following ones by tubes, with no regeneration around the system. 


Certain approximations have been made in order to simplify the formulas. 
In most actual applications of the types of circuits treated, the error involved 
is negligible from a practical standpoint. Over the narrow frequency band 
in question, it is assumed that 


a. The reactance around each circuit is equal to 2X9 Af/fo. 
b. The resistance of each circuit is constant and equal to Xo/Q. 


c. The coupling between two circuits of a pair is reactive and constant. 
(When an untuned link is used to couple the two circuits, this condition fre- 
quently is far from satisfied, resulting in a lopsided selectivity curve.) 


d. The equivalent input voltage, taken as being in series with the tuned 
circuit (or the first of a pair), is assumed to bear a constant proportionality 
to the grid voltage of the input tube or other driving source, at all frequen- 
cies in the band. 


e. likewise, the output voltage. across the circuit (or the final circuit of a 
pair) is assumed to be proportional only to the current in the circuit. 


The following symbols are used in the formulas in addition to those defined 
on pages 236 and 239. 


Af _ f — fo _ (deviation from resonance frequency) 
fo fo (resonance frequency) 
(bw) = bandwidth = 2Af 


Xo = reactance at fp of inductor in tuned circuit 
= number of single-tuned circuits 

number of pairs of coupled circuits 

phase shift of signal at f relative to shift at fo 
as signal passes through cascade of circuits 


jes SS 
II 
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Selectivity. of single- and double-tuned circuits: 


near resonance continued 


p = k?Q? or p = k?Q,Qs, a parameter determining the form of the 
selectivity curve of coupled circuits 


Biv a AG =) 
sere ery ta! 
Selectivity and phase shift of single-tuned circuits 
Ep. | 
E 2 
‘ 4 in (20 =) 
fo 
2 
fo 2Q E single-tuned 


circuit 


Decibel response = 20 logio (=) 
0 


(db response of n circuits) = n X (db response of single circuit) 


p= np tan: (—20 =) 
fo 


These equations are plotted in Figs. 7 and 8, following. 


Q@ determination by 3-decibel points 
For a single-tuned circuit, when 
E/E 9 = 0.707 (3 decibels down) 


fy _ (resonance frequency) 
2Af (bandwidth) sap 


Selectivity and phase shift of pairs of coupled tuned circuits 
Case 1: When Qi = Q2 = Q 


These formulas can be used with reasonable 
accuracy when Q, and Q, differ by ratios up to 
1.5 or even 2 to 1. In such cases use the value 


Q = TOR, 


E p+] is 


ci Af\? 2 
| (20%) — (p — 1) | + 4p one of several types 
fo ¢ of coupling 
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Selectivity of single- and double-tuned circuits 
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near resonance continued 
BN Ne SN Da eet) Gel 


response in decibelS 


a tt eee tt TTT 

re) ete aa S16 STN note change of decibel scale oo 
aa mnt 

Bi: HINSKCCEECCTTTUIT 


DSU ANN ON 
IMINAISSAE CETTE 
COCCI. NX ARC EUTTTTE 
HHP HTP SRR 
EET AT AARA 


SNA 


PETA TITS 
-201 aaa I AI 


SESS 

Bases 

PLL LENUND i AUN 
iM IBA 

Sel 

i 
bj 


El alae le 
yA 


=25 


Q rae a The selectivity curves are symmetrical about the 
0 0 


axis Q 7 = 0 for practical purposes. 
0 


Extrapolation beyond lower limits of chart: 


A response useful limit 
bd (bw) | error 
Fig. 7—Selectivity curves doubling Af | circuit fo |becomes 
showing response of a single — 6db |e single > x 1 to Sdb 
circuit n=1, and a pair of ae Ee ee Bate os ans d-dh 


coupled circuits m =1. 


Example: Of the use of Figs. 7 and 8. Suppose there are three single-tuned 
circuits (n = 3). Each circuit has a Q = 200 and is tuned to 1000 kilocycles. The re- 
sults are shown in the following table: 


abscissa J 1 
(bw) bandwidth ordinate decibels o* 
Q — 


f kilocycles 
0 


o* 
db response response fon niani ae ae 


forn = 1 forn = 3 


—3.0 —9 45. F 135° 
—10.0 —30 76° 215° 
se 20.2 61 + 84° 56262" 


* % is negative for f > fo, and vice versa. 
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Selectivity of single- and double-tuned circuits 


near resonance continued 
Bs 2 sag ice a EN ea el eee LU 


relative phase angle ¢ in degrees 


8 
Let Le ees 
NN cs 
NANI 
ANA 

WN A mia 


-20 


PEE 


ua 
HRe Ae 
AA 


-100 


a a 
ba re coal 3 PEE 


-140 


Af f — fo 
r fo a fo an | een 
For f > fo, @ is negative, while for f < fo, 
Fig. 8—Phase-shift curves for a ¢ is positive. The numerical value is identical 
single circuit n = 1 and a pair of in either case for the same |f — fol. 


coupled circuits m = 1. 
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Selectivity of single- and double-tuned circuits 


near resonance continued 
SN eS} 


Af 1 J rave 
— = + —ai/(p — 1) = 4] | 1)2f =9 \m — 4 
jo 70 VP par (2) p 


For very small values of E/Eo the formulas reduce to 


c eS a a 


Decibel response = 20 logio (E/Eo) 


(db response of m pairs of circuits) = m & (db response of one pair) 
A 
408 
@ =m tan! ? ANG 
(pb + 1) — (2071) 
0 


24) 


As p approaches zero, the selectivity and phase shift approach the values 


for n single circuits, where n = 2m (gain also approaches zero). 


The above equations are plotted in Figs. 7 and 8. 


For overcoupled circuits (p > 1) 


ak — ft ] 
Location of peaks: Teak — fo oe aA) 6 — | 


fo 2Q 


Amplitude of peaks: = = (2 +) 
0 


Phase shift at peaks: Ppeak = M tan“ l(/p ae 1) 


Approximate pass band (where E/E = 1) is 


nts — fo _ fp foo fo | 1 [p= 
fo fo Q 


Case 2: General formula for any Q; and Qe 


Dri i 


Ey 2 2 (For B see top of p. 242.) 
es -3| + ip + 112 — B? 
= 0 
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Selectivity of single- and double-tuned circuits 


near resonance continued 
ORS LER 


Af Ei Es\> ih 
— = + —/B+| ( 12, — |" — ( 1)? + B? 
j 20 fe ba DEN te 


For overcoupled circuits 


Location of peaks: fea — fo = vB = =t Lhe a5 (a |. =e 


fo 2Q 2 2\Gy7 


Aeitidete ocean aye oe ao is 
mplitude of peaks: ae "ge 


Case 3: Peaks just converged to a single peak 


ete. BD =.0° OF Uke = Ate faa) 
2\ Qi Q.? 


ioe ———s A ee wee v 
oye 

where Q’ = aoe i 

Qi + Q, 

; Af _ ~%2(1 42) NG eek 
fo ANG eG E 
sq a | 

@ = m tan —_ 


The curves of Figs. 7 and 8 may be applied to this case, using the value — 


p = 1, and substituting Q’ for Q. 


= —F 7 
re Mc. 
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@ Attenuators 
Definitions 


An attenuator is a network designed to introduce a known loss when work- 
ing between resistive impedances Z; and Z_ to which the input and output 
impedances of the attenuator are matched. Either Z; or Zp may be the source 
and the other the load. The attenuation of such networks expressed as a 
power ratio is the same regardless of the direction of working. 


Three forms of resistance network that may be conveniently used to realize 
these conditions are shown on page 252. These are the T section, the 7 
section, and the bridged-T section. Equivalent balanced sections also are 
shown. Methods are given for the computation of attenuator networks, the 
hyperbolic expressions giving rapid solutions with the aid of tables of hyper- 
bolic functions on pages 1103-1105. Tables of the various types of atten- 
vators are given on pages 255 to 262. 


Ladder attenuator 


Ladder attenuator, Fig. 1, input switch points Po, Py, Po, Ps at shunt arms. 
Also intermediate point Pm tapped on series arm. May be either unbalanced, 
as shown, or balanced. 


Fig. 1—Ladder attenuator. 


Ladder, for design purposes, Fig. 2, is resolved into a cascade of m sections 
by imagining each shunt arm split into two resistors. Last section matches Z» 
to 2Z;. All other sections are symmetrical, matching impedances 22, with a 
terminating resistor 2Z; on the first section. Each section is designed for the 
loss required between the switch points at the ends of that section. 


(221 + Za)? 
AZZ» 
Zelda ZiZ2 


5 Output impedance = 717, 


Input to Po: Loss in decibels = 10 logio 


Input impedance Z,’ = 
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Ladder attenuator continued 
TRL 


Input to P;, Ps, or P3: Loss in decibels = 3 + (sum of losses of 7 sections 
between input and output). Input impedance Z;’ = Z1 


Fig. 2—Ladder attenuator resolved into a cascade of 7 sections. 


input to P,, (on a symmetrical a section): 


So A om ees oe 


Bein 2 Kee A (KIA) 


e9 = output voltage when m = 0 (switch on P,) 
Cm = output voltage with switch on Pm 


~ 
| 


= current ratio of the section (from Pi to Pe) K > | 


12 
2,| mi — m) oo a | 


Beran 
Maximum Li = z,| | forme n0.o 


I 


Input impedance Zy’ 


The unsymmetrical last section may be treated as a system of voltage-divid- 
ing resistors. Solve for the resistance R from Po to the tap, for each value of 


(sie voltage with input on Po 
output voltage with input on tap 


A useful case 
When Zi =#Ze = 50020hms: 
Then loss on Po is 3.52 decibels. 


Let the last section be designed for loss of 12.51 decibels. Then 
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Ladder attenuator = continued 


Riz = 2444 ohms (shunted by 1000 ohms) 
Rez = 654 ohms (shunted by 500 ohms) 
Rig = 1409 ohms 


The table shows the location of the tap and the input and output impedances 
for several values of loss, relative to the loss on Po: 


relative tap input output 

loss in R impedance impedance 

decibels ohms ohms ohms 

| 

0 0 250 250 
2 170 368 304 
4 375 478 353 
6 615 562 394 
8 882 600 428 
10 TiS7 $77 454 
2 1409 500 473 


Input to Po: Output impedance = 0.6 Z_ (See Fig. 3.) 


Input to Po, P, Ps, or P3: Loss in decibels = 6 + (sum of losses of m sections 
between input and output). Input impedance = Z 


Input to P,,,: 
Seep. — mi) (K —/ 1)? 4k 


= 4 Resin ik 1) 


Input impedance: 


— = Ze 
7 =7 E _ 1) AL | 


ae 2 
Maximum Z’ = Z ena + | form = 0.5 


Z/2 


Fig. 3—A variation of the ladder attenuator, useful when Z, = Z2 = Z. Simpler in 
design, with improved impedance characteristics, but having minimum insertion loss 
2.5 decibels higher than attenuator of Fig. 2. All 7 sections are symmetrical. 
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Load impedance 


Effect of incorrect load impedance on operation of an attenuator 


In the applications of attenuators, the question frequently arises as to the 
effect upon the input impedance and the attenuation by the use of a load ~ 
impedance which is different from that for which the network was designed. 
The following results apply to all resistive networks that, when operated 
between resistive impedances Z, and Zs, present matching terminal impe- 
dances Z; and Z», respectively. The results may be derived in the general 
case by the application of the network theorems and may be readily con- 
firmed mathematically for simple specific cases such as the T section. 


For the designed use of the network, let 


Z; = input impedance of properly terminated network 
Zz = load impedance that properly terminates the network 
N = power ratio from input to output 


K = current ratio from input to output 


i IN 


7 
le ea Aloe (different in the two directions except when Ze = Z;) 
2 Zi 


For the actual conditions of operation, let 


A 

(Zo + AZo) = z.(1 Ae =) = actual load impedance 
= Ae f 

(Z; + AZ) = Zi, 1 + — } = resulting input impedance 


A 
(K + AK) = K(1 + “0 = resulting current ratio 


While Z1, Zz, and K are restricted to real quantities by the assumed nature of 
the network, AZ is not so restricted, e.g., 


NZo = ARs a jAX2 


As a consequence, AZ; and AK can become i imaginary or complex. Further 
more, AZ» is not restricted to small values. 
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Load impedance continued 
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The results for the actual conditions are 
BZ, 2 AZ2/Zs =p ach Klang (“ — ' AZ» 
BON “+E (N = 1) a ‘ 


2 


Certain special cases may be cited 


Case 1: For small AZo/Z> 


e+! — ‘ aa Or AZ, =a AZ» 
Zi N Ze : 

diy _ _ 1 AZ, 

Io Z Z2 


but the error in insertion power loss of the attenuator is negligibly small. 
Case 2: Short-circuited output 

Bee ei 

Zi N+ 1 


Sosa 


input i d = | ——— } Z; = Z; tanh @ 
Or input impedance (SS) 1 1 tan 


where 8 is the designed attenuation in nepers. 


Case 3: Open-circuited output 
AZ, 2 


Nae! 


Or input impedance = 
p p (* cay 


)z 7s Coline 


Case 4: For N = 1 (possible only when Z; = Ze and directly connected) 


AZ) _ AZ; 
Zi Ze 
AK 
= — (0 
K 


Case 5: For large N 
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Attenuator network design see page 254 for symbols 
(ERTL TES SIE 


configuration 


description unbalanced balanced 


R, R, 


Unbalanced T 
and 
balanced H 
(see Fig. 8) 


Symmetrical 
T and H 

(Z; = Z.= Z) 
(see Fig. 4) 


Minimum-loss 
pad matching 
Zi and LZ2 
(Zi > Zz) 

(see Fig. 7) 


Unbalanced 7 
and 


balanced O 


Symmetrical 

a and O 

(Z; = Z, = Z) 
(see Fig. 5) 


Bridged T 
and 
bridged H 
(see Fig. 6) 
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design equations 
hyperbolic | arithmetical checking equations 
R By 7.2; MOVINZ Zs 
> sinh 0 NI 
Zi (SS) 
R= —R Ry=Z, | —— }—R 
acho p=Zy re 3 
Z2 (4) 
Ra=——?_—R Ro=Z oR 
ey pt 2=Zo 3 
aa 2K 
ae 2ZVN_ 22K RiRe= ee 
o N31 eet 1-++cosh 6 (K+1)2 
=a R i] 
‘aoa ee 4 —*=cosh 0—1=2 sinh? — 
Pee : (K—1)? ‘ 
6 =: 
R=Z Fann | 2 PONS K-—1 2K 
So uel K-+1 z=a\i+2% 
= Z[1 = 2/(K + 1] rw Ry 
es aa RiR3 = ZZ 
Zz Ri =Z \i-2 
cosh (k= Si ; : Zy Ry Zi 
Zs ars 
Zo 3 2 
cosh ya a Z Zi Zz ‘ 
2 i: BN) 
Ti Zt Z2 
R3=V ZiZ> sinh 6 R= a 
1 ] ] 
Ri ZitanhO Rs pn) 
a N-+1 
Re Zz tanh 0 Rs Ro =5(n= Dass. 
cn eames Ve ae i 2 
Reza ial RRs = Z2(1- cosh 6) ap 
R3=Z sinh 0 2VN OK 2K 
_1)2 
> = Z(K — 1/k)/2 pie cetae — 
oY N41 _ K+ Par 
: tanh — R= 5 ee ae 
2 i pee J Ri 
= 2[1 + 2/(kK—1)] Taiee ae 
Ry =Ro=Z 
Rye = Z2 
Rg=Z(K—1) 
R 
sees rial iCall: 
aK t 


our-terminal networks: The hyperbolic equations above are valid for passive linear four-terminal 
networks in general, working between input and output impedances matching the respective image 
mpedances. In this case: Z; and Z2 are the image impedances; Ri, Re and R3 become complex 


iMpedances; and @ is the image transfer constant. 0 = a + j8, where @ is the image attenuation 
Onstant and @ is the image phase constant. 
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Attenuator network design continued 


Symbols 


Z; and Z2 are the terminal impedances (resistive) to which the attenuator is 
matched. 


N is the ratio of the power absorbed by the attenuator from the source to 
the power delivered to the load. 


K is the ratio of the attenuator input current to the output current into the 


load. When Z1 = Zo, K = VN. Otherwise K is different in the two direc- 
tions. 


Attenuation in decibels = 10 logio N 
Attenuation in nepers = 8 = 4 log, N 


For a table of decibels versus power and voltage or current ratio, see page 40. 
Factors for converting decibels to nepers, and nepers to decibels, are given 
at the foot of that table. 


Nofes on error formulas 


The formulas and figures for errors, given in Figs. 4 to 8, are based on | 
the assumption that the attenuator is terminated approximately by its proper 
terminal impedances Z; and Z». They hold for deviations of the attenuator 

arms and load impedances up to + 20 percent or somewhat more. The error 

due to each element is proportional to the deviation of the element, and the 
total error of the attenuator is the sum of the errors due to each of the sev-_ 
eral elements. 


When any element or arm R has a reactive component AX in addition to a 
resistive error AR, the errors in input impedance and output current are 


AZ = A(AR + jAXx) 

Ai _, (= rip at) 

i R 

where A and B are constants of proportionality for the elements in question. 


These constants can be determined in each case from the figures given for 
errors due to a resistive deviation AR. ‘ 


The reactive component AX produces a quadrature component in the output 
current, resulting in a phase shift. However, for small values of AX, the error 


” 
in insertion loss is negligibly small. dt 

@ 
For the errors produced by mismatched terminal load impedance, refer to 


Case 1, page 251. . 


a 
2 
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Symmetrical T or H attenuators 
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Interpolation of symmetrical T or H attenuators (Fig. 4) 


Column Ri may be interpolated linearly. Do not interpolate R3 column. For 0 
to 6 decibels interpolate the 1000/R3 column. Above 6 decibels, interpolate 
the column logio R3 and determine R3 from the result. 


Fig. 4—Symmetrical T and H attenuator values. Z = 500 ohms resistive (diagram on 
page 252). 


attenuation series arm R, shuntarm R;_ | 
in decibels ohms ohms | agOO Re logio Rs 

0.0 0.0 inf 0.0000 

O22 §.8 21,700 0.0461 

0.4 11.5 10,850 0.0921 

0.6 Wee 7,230 0.1383 —. 

0.8 23.0 §,420 0.1845 — 

1.0 28.8 4,330 0.2308 — 

2.0 5723 Zt 52 0.465 — 

3.0 85.5 1,419 0.705 

4.0 Bost 1,048 0.954 

§.0 140.1 822 1.216 —— 

6.0 166.1 669 1.494 2.826 

FO 191.2 §58 — 2.747 

8.0 2153 473.1 — 2.675 

9.0 238.1 405.9 — 2.608 
10.0 259.7 351.4 — 2.546 
12.0 299.2 268.1 — 2.428 
14.0 Sse 7/ 207.8 — 2.318 
16.0 363.2 162.6 — 2.21) 
18.0 388.2 127.9 — 2107 
20.0 409.1 101.0 — 2.004 
22.0 426.4 79.94 — 1.903 
24.0 440.7 63.35 —. 1.802 
26.0 452.3 $0.24 —- 1.701 
28.0 461.8 39.87 — 1.601 
30.0 469.3 31.65 — 1.500 
35.0 482.5 WZ —- 1.250 
40.0 490.1 10.00 —. 1.000 
50.0 496.8 3.162 — 0.500 
60.0 499.0 1.000 — 0.000 
80.0 499.9 0.1000 — — 1.000 


100.0 500.0 0.01000 —— — 2.000 
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Symmetrical T or H attenuators continued 
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Errors in symmetrical T or H attenuators 
Series arms R; and Rz in error: Error in 
input impedances: 
AZ, = AR : AR 

Lea 1 ae K2 2 
and 


AZ» 


I 


l 
ARe + mz AR, 
Error in insertion loss, in decibels, 


R 
db = (+ a =) approximately 


Shunt arm R; in error (10 percent high) 


nominally R,; = R2 
Z, = 2, 


error in input 


designed loss, error in insertion impedance 
in decibels loss, in decibels 100 ~ percent 

0.2 (O01 0.2 

] —0,05 1.0 

6 Ox 3.5 

12 =o 3.0 

20 07 1.6 

40 —0.8 Om 

100 —08 0.0 


Error in input impedance: 


VA op K— 1 ARs 


BT ea (Ke) ee 


Error in output current: 


See notes on page 254. 
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Symmetrical 7 and 0 attenuators 


Interpolation of symmetrical 7 and O attenuators (Fig. 5). 


Column Ri may be interpolated linearly above 16 decibels, and R3 up to 
20 decibels. Otherwise interpolate the 1000/R; and logio R3 columns, re- 
spectively. 


Fig. 5—Symmetrical 7 and 0 attenuator. Z = 500 ohms resistive (diagram, page 252). 


attenuation shunt arm R, series arm Rz 


in decibels ohms 1000/ Ri ohms logio Rs 
0.0 for) 0.000 0.0 meee 
0.2 43,400 0.023 a hess —_ 
0.4 21,700 0.046 23.0 — 
0.6 14,500 0.069 34.6 — 
0.8 10,870 0.092 46.1 _— 
1.0 8,700 ONS Ly ATE — 
2.0 4,362 0.229 116.1 —_ 
3.0 2,924 0.342 176.1 —_— 
4.0 2,210 0.453 238.5 — 
§.0 765 0.560 304.0 — 
6.0 1,505 0.665 373.5 _ 
7.0 1,307 0.765 448.0 _ 
8.0 1,161.4 0.861 §28.4 — 
9.0 1,049.9 0.952 615.9 —_ 
10.0 962.5 1.039 711.5 — 
12.0 835.4 1.197 932.5 _— 
14.0 749.3 1.335 1,203.1 —_ 
16.0 688.3 1.453 1,538 _— 
18.0 644.0 — 1,954 —_ 
20.0 611.1 — 2,475 3.394 
22.0 $86.3 — 3,127 3.495 
24.0 §67.3 — 3,946 3.596 
26.0 $52.8 | — 4,976 3.697 
28.0 41.5 —— 6,270 3.797 
30.0 SS2i7, — 7,900 3.898 
35.0 §18.1 — 14,050 4.148 
40.0 §10.1 | — 25,000 4,398 
50.0 503.2 — 79,100 4.898 
60.0 §01.0 a 2.50 X 105 §.398 
80.0 $00.1 ~_ 2.50 * 108 6.398 


100.0 500.0 — 2:50 -< 107 7.398 
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Symmetrical 7 and O attenuators continued 
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Errors in symmetrical 7 and O attenuators 
Error in input impedance: 
sare CBs Sr 


Vaca COUT Nepal chee ore las 


Error in insertion loss, 


Aj 
decibels = —8 cai (approximately) 
12 


nominally R, = R. and Z’ = Z 


I 


pR=1( _ AR Re 5 ARs 
hae. Ry Re R3 


See notes on page 254. 


Bridged T or H attenuators 
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Interpolation of bridged T or H attenuators (Fig. 6) 


Bridge arm Ry: Use the formula logio (Rg + 500) = 2.699 + decibels/20 for 
Z = 500 ohms. However, if preferred, the tabular values of R4 may be inter- 
polated linearly, between 0 and 10 decibels only. 


Fig. 6—Values for bridged T or H attenuators. Z = 500 ohms resistive, R; = R, = 
500 ohms (diagram on page 252). 


A bridge shunt i bridge shunt 
attenuation attenuation 
i 5 arm R, arm R; ¥ : arm R, arm Rz 
in decibels in decibels 
ohms ohms ohms ohms 
0.0 0.0 co 12.0 1,491 167.7 
0.2 11.6 P| E06} 14.0 2,006 124.6 
0.4 23.6 10,610 16.0 2,655 94.2 
0.6 35.8 6,990 18.0 3,472 72.0 
0.8 48.2 5,180 20.0 4,500 $5.6 
1.0 61.0 4,100 25.0 8,390 29.8 
2.0 129.5 1931 30.0 15,310 16.33 
3.0 206.3 W212 40.0 49,500 5.05 
4.0 2924— 855 50.0 157,600 1.586 
§.0 389.1 642 60.0 499 500 0.501 
6.0 498 §02 80.0 5.00 & 108 0.0500 
7.0 619 404 100.0 50.0 108 0.00500 
8.0 756 331 —- — — 
9.0 909 275.0 — —. — 


10.0 1,081 231.2 
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Shunt arm R3: Do not interpolate Rs column. Compute Rs by the formula 
Rs = 108/4Ry for Z = 500 ohms. 


Note: For attenuators of 60 db and over, the bridge arm R4 may be omitted 
provided a shunt arm is used having twice the resistance tabulated in the R 
column. (This makes the input impedance 0.1 of 1 percent high at 60 db.) 


Errors in bridged T or H attenuators 


Resistance of any one arm 10 percent higher than correct value 


designed loss 


decibels A decibels* B percent* C percent* 

0.2 0.01 0.005 0.2 

1 0.05 0.1 1.0 

6 0.2 2.5 25 

Ws 0.3 5.6 1.9 

20 0.4 8.1 0.9 
40 0.4 10 0.1 
100 0.4 10 0.0 


* Refer to following tabulation. 


element in error error in error in terminal teri arive 
(10 percent high) loss impedance 
Series arm R; (analogous | Zero B, for adjacent Error in impedance at op- 
for arm Rs) terminals posite terminals is zero 
Shunt arm Rg —A c loss is lower than de. 
signed loss 
Bridge arm Rg A C loss is higher than de- 
signed loss 


Error in input impedance: 
Me (K—1\7 AR, , K—1 (AR. AR 
Zi (SY B+S (+ =) 


For AZ2/Z2 use subscript 2 in formula in place of subscript 1. 


Error in output current: 


ae k 1 G a) 


—_ —_ 


i 2K 


See notes on page 254. 
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Minimum-loss pads 


Interpolation of minimum-loss pads (Fig. 7) 


This table may be interpolated linearly with respect to Z1, Zs, or Z1/Z2 except 
when Z;/Z2 is between 1.0 and 1.2. The accuracy of the interpolated value 
becomes poorer as Z;/Z2 passes below 2.0 toward 1.2, especially for R3. 


For other terminations 
If the terminating resistances are to be Z4 and Zz, instead of Z; and Zz, 


Z Z. 
respectively, the procedure is as follows. Enter the table at — = —4 and 
2 B 


Fig. 7—Values for minimum-loss pads matching Z,; and Z:, both resistive (diagram 
on page 252). 


Z; Zo Zi z loss in series arm R, shunt arm R3 
ohms ohms : decibels ohms ohms 
10,000 500 20.00 18.92 9,747 §13.0 

8,000 500 16.00 17.92 7,746 $16.4 

6,000 §00 12.00 16.63 §,745 §22.2 

5,000 500 10.00 15.79 4,743 527.0 

4,000 500 8.00 14.77 3,742 §34.5 

3,000 $00 6.00 13.42 2,739 $47.7 

2,500 500 5.00 12.54 2,236 559.0 

2,000 §00 4.00 11.44 72 577.4 

1,500 500 3.00 9.96 1,224.7 612.4 

1,200 §00 2.40 8.73 916.5 654.7 

1,000 §00 2.00 7.66 707.1 707.1 

800 §00 1.60 6.19 489.9 816.5 
600 §00 1.20 Sil 244.9 1,224.7 
§00 400 25 4.18 223.6 894.4 
500 300. 1.667 6.48 316.2 474.3 
500 250 2.00 7.66 353.6 353.6 
§00 200 2.50 8.96 387.3 258.2 
500 160 S025 10.17 412.3 194.0 
§00 125 4.00 11.44 433.0 144.3 
500 100 §.00 12.54 447.2 111.80 
§00 80 6.25 13.61 458.3 87.29 
§00 65 7.692 14.58 466.4 69.69 
§00 50 10.00 15.79 474.3 §2.70 
§00 40 12.50 16.81 479.6 41.70 
§00 . 30 16.67 18.11 484.8 30.94 
500 25 20.00 18.92 487.3 25.65 
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read the loss and the tabular values of Ry and R3. Then the series and shun, 


Zz z. 
arms are, respectively, MR; and MR3, where M = —4 = —2. 
Zi Zo 
Errors in minimum-loss pads 
impedance ratio 
Z,/Z, D decibels* E percent* F percent* 
Tie 0.2 +4.1 +1.7 
2.0 0.3 7Et 1.2 
4.0 0.35 8.6 0.6 
10.0 0.4 ree, 0.25 
20.0 0.4 9.7 0.12 


* Notes 


Series arm R; 10 percent high: Loss is increased by D decibels from above 
table. Input impedance Z; is increased by E percent. Input impedance Zo is 
increased by F percent. 


Shunt arm R3 10 percent high: Loss is decreased by D decibels from above 
table. Input impedance Zz is increased by E percent. Input impedance Z, is 
increased by F percent. 


Errors in input impedance 

SENSE _ 42 ahi sit ARs 

Zi Zi Ry N R3 

ee i 2 (28+ 2 

Zo Zi \ R3 NR 

Error in output current, working either direction 


|) — 2 (Ae Ak 
i Z Tas R3 Ry 


See notes on page 254. 
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Miscellaneous T and H pads Fig. g) 


Fig. 8—Values for miscellaneous T and H pads (diagram on page 252). 


resistive terminations ' attenuator arms 
Zy Zo Pes series R, series Ro shunt R3 
ohms ohms ohms ohms ohms 
5,000 2,000 10 3,889 222 2,222 
§,000 2,000 Ss 4,165 969 1,161 
§,000 2,000 20 4,462 1,402 639 
§,000 §00 20 4,782 190.7 319.4 
2,000 §00 NS 1,763 165.4 367.3 
2,000 §00 20 1,838 308.1 202.0 
2,000 200 20 1,913 76.3 127.8 
500 200 10 388.9 22.2 PIII G 
§00 200 15 416.5 96.9 116.1 
§00 200 20 446.2 140.2 $63.9 
500 50 20 478.2 19.07 31.94 
200 50 15 176.3 16.54 36.73 
200 50 20 183.8 30.81 20.20 


Errors in T and H pads 
Series arms R; and Rz in error: Errors in input impedances are 


byeZ 7 1 Ze 
OZ, — AR — — AR Gd AZo — FAR — — AR 
1 ITY, 2 an 2 Nea 1 


= é AR AR» 
Error in insertion loss, in decibels = 4( —- + — ) approximately 
Zi Z2 
Shunt arm R; in error (10 percent high) 
error in input impedance 
designed loss error in loss AZ, AZ, 
Z,/Zs decibels decibels OO Aza | za 
25 10 —0.4 LG, 7.1% 
es 15 —0.6 122 ; 4.6 
2.5 20 —07 0.9 2.8 | 
4.0 15 =05 0.8 6.0 
4.0 20 —0.65 0.6 | 3.6 | 
10 20 06 0.3 6.1 


vee SN 2 ( NZe a cA ay, AR3 for AZsZ» interchange sub-. | 
Zi N — 1 Zi NZo Rs scripts 1 and 2. 


Wn ze (/2 2) 
Ai om is Zo + Z1/ AR3 


—- = — <where i is the output current. | 
j N — 1 Rs , i 
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M Bridges and impedance measurements 


In the diagrams of bridges below, the source is shown as a generator, and 
the detector as a pair of headphones. The positions of these two elements 
may be interchanged as dictated by detailed requirements in any individual 
case, such as location of grounds, etc. For all but the lowest frequencies, a 
shielded transformer is required at either the input or output (but not usually 
at both) terminals of the bridge. This is shown in some of the following 
diagrams. The:detector is chosen according to the frequency of the source. 
When insensitivity of the ear makes direct use of headphones impractical, 
a simple radio receiver or its equivalent is essential. Some selectivity is 
desirable to discriminate against harmonics, for the bridge is often frequency 
sensitive. The source may be modulated in order to obtain an audible 
signal, but greater sensitivity and discrimination against interference are 
obtained by the use of a continuous-wave source and a heterodyne 
detector. An amplifier and oscilloscope or an output meter are sometimes 
preferred for observing nulls. In this case it is convenient to have an audible 
Output signal available for the preliminary setup and for locating trouble, 
since much can be deduced from the quality of the audible signal that 
would not be apparent from observation of amplitude only. 


Fundamental alternating-current or Bridge with double-shielded transformer 
eee eile edie Reheat “has shebcabsten chet decal ahtbbbc| 


Wheatstone bridge Shield on secondary may be float- 


Balance condition is Z, = Z, wl Zs ing, connected to either end, or to 
center of secondary winding. It may 
be in two equal parts and connected 
to Opposite ends of the winding. In 
any case, its capacitance to ground 
must be kept to a minimum. 


Maximum sensitivity when Zg is the 
conjugate of the bridge output im- 
pedance and Z, the conjugate of its 


generator 
input impedance. Greatest sensitivity 
when bridge arms are equal, e.g., for 
resistive arms, 


Zi=Z.=2Z,=27,=2,=Z, 


s 
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Wagner earth connection 


None of the bridge elements are 
grounded directly. First balance 
bridge with switch to B. Throw switch 
to G and rebalance by means of R 
and C. Recheck bridge balance and 
repeat as required. The capacitor 
balance C is necessary only when the 


frequency is above the audio range. 
The transformer may have only a 
single shield as shown, with the ca- 
pacitance of the secondary to the 
shield kept to a minimum. 


Capacitor balance 


Useful when one point of bridge 
must be grounded directly and only 
a simple shielded transformer is used. 
Balance bridge, then open the two 
arms at P and Q. Rebalance by 


auxiliary capacitor C. Close P and — 
Q and check balance. 


Series-resistance-capacitance bridge 


Gra, Ry/Ra 
R, a R, Ra/Rb 
Wien bridge 

Gt Rela Re 
C,Gp = bfieorR RY 
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Wien bridge continued Resonance bridge 


For measurement of frequency, or in | w2LC = 1 
a frequency-selective application, if 


Re = Rs Ra/Rs 


we make C, = C,, Rz = R;, and 


1 Maxwell bridge 
f= 
2rCsR, ae ee 
Owen bridge pice Ra Ro 
: R, 
‘s — CpRaRa 
L; 
= CoRa — R, Qz = w = aC, 


oF ba 
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Hay bridge 


For measurement of large inductance. 


L ms Raks@s 
* 1 + wC,?R,? 
wl, ] 
o. — <= 
Rs wC,R,; 


Schering bridge 


Ce = Ce R,/Ra 
Wey = wR; — wCpR, 


Substitution method for high impedances 


Initial balance (unknown terminals 


x— x open): 
Ci and R; 


Final balance (unknown connected 
to x—x): 


Co and Re 


Then when R, > 10/wCj, there re- 
sults, with error < 1 percent, 


C.=-C, tes 


The parallel resistance is 


l 
w®Cs2 (Ry — Ry) 


—— 
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Measurement with capacitor in series 


with unknown 


Initial balance (unknown terminals 


x-x short-circuited): 

Ci and R; 

Final balance (x— x un-shorted): 
C’, and R’, 

Then the series resistance is 


R, = (RP, — RI)Ra/Re 


= PCC 
RalC; — C’?) 


Ry ’ (s 
oS Seca ae 
Ka aes ) 


z 


Measurement of direct capacitance 
abs cin Nacin heen tes lb deeded strarhrdatclnacicbodi 


Connection of N to N’ places Cng 
across phones, and Cyy across Ry 
only a 


which requires small re- 


adjustment of Rg. 


Initial balance: Lead from P discon- 
nected from X, but lying as close to 
connected position as practical. 


Final balance: Lead connected to X. 


By the substitution method above, 
Co, te, 


Felici mutual-inductance balance 


At the null: 


Mz = —M, 


My Mg 


Useful at lower frequencies where 
capacitive reactances associated 
with windings are negligibly small. 
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Mutvual-inductance capacitance balance 


Using low-loss capacitor. At the null 
Me = 170°C 

Hybrid-coil method 

At null: 


Z1 = 22 


The transformer secondaries must be 
accurately matched and balanced to 


ground. Useful at audio and carrier 
frequencies. 


Q of resonant circuit by bandwidth 


For 3-decibel or half-power points. 
Source loosely coupled to circuit. 
Adjust frequency to each side of 
resonance, noting bandwidth when 


v = 0.71 X lv at resonance) 


(resonance frequency) 


Q = 
(bandwidth) 


Q-meter (Boonton Radio Type 160A) 


Ri 0.04 ohm 
Re = 100 megohms 


V = vacuum-tube voltmeter 
I = thermal milliammeter 


L;R2Co = unknown coil plugged into 
COIL terminals for measure- | 


ment. 


Correction of Q reading 


For distributed capacitance Co of coil 


CarGg 


irae = Q ‘é 


where 


Q = reading of Q-meter (corrected 
for internal resistors Ry and Ro 
if necessary) 


C = capacitance reading of Q- 


meter 


Measurement of Co and true L, 


C plotted vs 1/f? is a straight line. 
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Measurement of Co andtrue Ll, continued 


L, = true inductance 


1/fg — 1/F% 
Arr? (Cy er C)) 


| 


Co = negative intercept 
fo = natural frequency of coil 


When only two readings are taken 
and f;/f. = 2.00, 


Co = (Co — 4C)) /3 
Using wh, mc, and puyf, 
m= 19,000/f. (Co — C)) 


Measurement of admittance 
I a ce eel eraltnati 


Initial readings C’Q’ (LR, is any suit- 
able coil) 


m2 = Y= G+ JB = 1/Rp + jal 
Then 


g ae a ah Co 
1/Q = G/wC 
7/7000 * 1000 
ateede ae x 1073 
Cc (= (ey ) 


If Z is inductive, C’’ > C’ 


Measurement of impedances lower than 
bc tat es ete det thie ode Behl Blcebowh 4 


those directly measurable 


For the initial reading, C’Q’, COND 
terminals are open. 


On second reading, C’’Q”, a ca- 
pacitive divider C,C, is connected 
to the COND terminals. 


Final reading, C’’’Q’’’, unknown con- 
nected to x—x. 


Yo = Ga tjwC, Ys = Gi + fal, 
Ga and Gy not shown in diagrams. 


Then the unknown impedance is 
a l 
z ae ) TRS AA 
Va tee ee oY, 


SLY. ak 


where, with capacitance in micro- 
microfarads and w = 27 X (fre- 
quency in megacycles/second): 


ohms 


? ] 0 CHAPTER 10 


Measurement of impedances lower than 


those directly measurable — continued 


] 
y’"— y” - 
108/w 
c’ Co ” ee) x 10 IC — 


Usually Ga and Gz may be neglected, 
when there results 


™ oe) it EI 9 
] + ony Ga WETS ices Vr 


piiboaytos 
Dy CED GH 


For many measurements, Cg may be 
100 micromicrofarads. Cy, = 0 for 
very low values of Z and for highly 
reactive values of Z. For unknowns 
that are principally resistive and of 
low or medium value, Cy may take 


sizes up to 300 to 500 micromicro- 
farads. When Cy, = 0 


ohms 


l #108 
Z= yi Vig te Je sens 
and the “second” reading above be- 
comes the -initial, wiih c= C~ 


in the formulas. 
Parallel-T (symmetrical) 


Conditions for zero transfer are 
w°C Cs — 2/R2? 

w?Cy? = 1/2RiRe 

CoRo = 4 Cik) 


When used as a frequency-selective 
network, if we make Re = 2R, and 


Go 7G). hen / 
(t= 1 /2aCyRe = 1/2rCoRy 


For additional information, see G. E. Valley, | 
Jr. and H. Wallman, ‘Vacuum Tube Ampli- 
fiers,"" McGraw-Hill Book Company, Inc., 
New York, N. Y.; 1948: pp. 387-389. 


Twin-T admittance-measuring circuit 


(General Radio Co. Type 821-A) 


This circuit may be used for measur- 

ing admittances in the range some- | 
what exceeding 400 kilocycles to. 
40 megacycles. It is applicable to the © 
special measuring techniques de-. 
scribed above for the Q-meter. 


G+jwe 


$ 
o 
Cc 
x 
c 
=) 


© 
v 


Conditions for null in output 


G + Gi = Rw?CiColl + Cy/C3) 
C +'C, = 1/@2L 


= aa (z += stan +) 
é C3 | 
With the unknown disconnected, call 
the initial balance C, and Cp. 


With unknown connected, final bal- | 
ance is C, and C4. 
Then the components of the unknown — 
Y=G-+jwC are | 
C= Gries 
Rw?CiCo 


G= TC (Ges aa Gh 
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@ lron-core transformers and reactors 


lron-core transformers are, with few exceptions, closely coupled circuits 
for transmitting alternating-current energy and matching impedances. The 
equivalent circuit of a generalized transformer is shown in Fig. 1. 


a = turns ratio = Np/Ng L, = primary inductance 
Cp, = primary equivalent shunt capaci- lp = primary leakage inductance 
tance I; = secondary leakage inductance 
C, = secondary equivalent shunt capaci- R. = core-loss equivalent shunt 
tance resistance 
E, = root-mean-square generator volt- Ry = generator impedance 
age Ry = load impedance 
Eout = root-mean-square output voltage Ry = primary-winding resistance 
k = coefficient of coupling R,; = secondary-winding resistance 


Fig. 1—Equivalent network of a transformer. 


Major transformer types used in electronics 


Power transformers 


Power transformers operate from a source of nearly zero impedance at 
a single low frequency, primarily to transfer power at convenient voltages. 


Rectifier plate and/or filament: Power rectifiers and tube heaters. 


Vibrator power supply: Permit the operation of radio receivers from direct- 
current sources, such as automobile batteries, when used in conjunction 
with vibrator inverters. 


Scott connection: Serve to transmit power from 2-phase to 3-phase sys- 
tems, or vice versa. 


Autotransformer: Is a special case of the usual isolation type in that a part 
of the primary and secondary windings are physically common. The size, 
voltage regulation, and leakage inductance are, for a given rating, less 
than those for an isolation-type transformer handling the same power. 
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Major transformer types used in electronics continued 
EAST SPD SET ES TE SPST TE SPEC SE 


Audio-frequency transformers 
Match impedances and transmit audio frequencies. 
Output: Couple the plate(s) of an amplifier to an output load. 


Input or interstage: Couple a magnetic pickup, microphone, or plate of a 
tube to the grid of another tube. ) 


Driver: Couple the plate(s) of a driver stage (preamplifier) to the grid (s) 
of an amplifier stage where grid current is drawn. | 


Modulation: Couple the plate(s) of an audio-output stage to the grid or 


plate of a modulated amplifier. 


‘High-frequency transformers 
Match impedances and transmit a band of frequencies in the carrier or 
higher-frequency ranges. 


Power-line carrier-amplifier: Couple different stages, or couple input and 
output stages to the line. 


Intermediate-frequency: Are coupled tuned circuits used in receiver inter- 
mediate-frequency amplifiers to pass a band of frequencies (these units may, 
or may not have magnetic cores). 


Pulse: Transform energy from a pulse generator to the impedance level of 


a load with,,or without, phase inversion. Also serve as interstage coupling — 


or inverting devices in pulse amplifiers. Pulse transformers may be used to 


obtain low-level pulses of a certain repetition rate in regenerative-pulse- 


generating circuits (blocking oscillators). 


Sawtooth-amplifier: Provide a linear sweep to the horizontal plates of a 
cathode-ray oscilloscope. 


Major reactor types used in electronics 
PSAP RES EE RIT ESBS ISI BIS NEARS VD ST SE SESS TED STI, 


Filter: Smooth out ripple voltage in direct-current supplies. Here, swinging 
chokes are the most economical design in providing adequate filtering, in 
most cases, with but a single filtering section. 


Audio-frequency: Supply plate current to a vacuum tube in parallel with | 


the output circuit. 


Radio-frequency: Pass direct current and present high impedance at the 
high frequencies. 


Wave-filter: Used as filter components to aid in the selection or rejection 
of certain frequencies. 
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Special nonlinear transformers and reactors 
SSL SITES IRI IS ITER IRENE VEER IOLA EB RE TERED IY SEIT ETE UGE ERC INE RIEL LCL 


These make use of nonlinear properties of magnetic cores by Operating 
near the knee of the magnetization curve. See pp. 323-326. 


Peaking transformers: Produce steeply peaked waveforms, for firing 
thyratrons. 


Saturable-reactor elements: Used in tuned circuits; generate pulses by 
virtue of their saturation during a fraction of each half cycle. 


Saturable reactors: Serve to regulate voltage, current, or phase in conjunc- 
tion with glow-discharge tubes of the thyratron type. Used as voltage- 
regulating devices with dry-type rectifiers. Also used in mechanical vibrator 
rectifiers and magnetic amplifiers. 


Design of power transformers for rectifiers 
STEN LE LILLE ETT REE LES LSE EN ELE IT FINE TSMR TR JEON LN RAE REIT, 

ae R 1 *) *R 
The equivalent circuit of a power p p tse 
transformer is shown in Fig. 2. 


a. Determine total output volt-am- 
peres, and compute the primary () o£ 
and secondary currents from 


out 


fa, X09= u | (Eslac) pp K+ (ED) a 
n 


Fig. 2—Equivalent network of a power trans- 
; former. l,, and 1, may be neglected when there 
if = K Ise are no Strict requirements on voltage regulation. 


where the numeric 0.9 is the power factor, and the efficiency » and the 
K, K’ factors are listed in Figs. 3 and 4. Eplp is the input volt-amperes, 
Igo refers to the total direct-current component drawn by the supply; and 


Fig. 3—Factors K and K’ for single-phase- Fig. 4—Efficiency of various sizes of 
rectifier supplies. See pp. 306-307 for mor® power supplies.* 
complex circuits. 
approximate 
‘j watts efficiency in 
filter K K’ output percent 
Full-wave: ZG 70 
Capacitor input 0.717 1.06 30 75 
Reactor input 0.5 0.707 40 80 
Half-wave: 80 85 
Capacitor input 1.4 PAP 100 86 
Reactor input 1.06 1.4 200 90 


* From “Radio Components Handbook," Technical Advertising Associates; Cheltenham, Pa., 
May, 1948: p. 92. 
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Design of power transformers for rectifiers continued 
SE ASSET ME TNR STRAT RE OE OT TI ER PE LO SP A 


the subscripts p/ and fil refer to the volt-amperes drawn from the plate- 
supply and filament-supply (if present) windings, respectively. E, is the total 
voltage across the secondary of the transformer. 


Ee) 235 eae 


for single-phase full-wave rectifier. 


Eae is the direct-current output voltage of the rectifier. Factor 2.35 is twice 
the ratio of root-mean-square to average values plus an allowance for 
5-percent regulation. 


Where a transformer is operated at different loads according to a regular 
duty cycle, the equivalent volt-ampere (VA) eq rating is computed as follows: 


VAN i VA eerie ee vate | 
ty + fe + ts + so . fo 


(VAleq = | 


where (VA); = output during time (f1), ete. 


Example: 5 kilovolt-ampere output, 1 minute on, 1 minute off. 


(5000)? (1) + (0)2 (1) ]# Z4| (S000) a 
Lace aol 2 
5000/ (2) = 3535 volt-amperes 


(VA) eq 


I 


I 


b. Compute the size of wire of each winding, on the basis of current 
densities given by 


For 60-cycle sealed units, 


amperes/inch? = 2470 — 585 log Wout 


I (in amperes) "2 
DAT AUSASilog: Week 


or, inches diameter = 1.13 | 


For 60-cycle open units, uncased, 
amperes/inch? = 2920 — 610 log Wout 


I (in amperes) ip 


or, inches diameter = 1.13 lege 
2920, —6108I6G W., 


c. Compute, roughly, the net core area 


= VWou 60 


— inches? 


5.58 
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Design of power transformers for rectifiers continued 
EDT LEN LE LY RIL LILA LE IE BLT LEE CERT RE ALES BIE GEL ET AL IT ER, ATOR 


where f is in cycles (see also Fig. 5). Select a lamination and core size from 
the manufacturer's data book that will nearly meet the space requirements, 
and provide core area for a flux density B, not to exceed the values shown 
in Fig. 10. Further information on available core materials is given in Fig. 6. 


d. Compute the primary turns N, from the transformer equation 

E, = 444 %#N,A-Bm X 1078 

with A, in square centimeters and B,, in gausses. Then the secondary turns 
N, = 1.05(E./E,) Np 


(this allows 5 percent for JR drop of windings). 


e. Calculate the number of turns per layer that can be placed in the 
lamination window space, deducting from the latter the margin space 
given in Fig. 7 (see also Fig. 8). 


Fig. 5—Equivalent LI? and EI ratings of power transformers: B,, = flux density in 
gausses: EJ = volt-amperes. This table gives the maximum values of LI? and EI ratings 
at 60 and 400 cycles for various size cores. Ratings are based on a 50-degree- 
centigrade rise above ambient. These values can be reduced to obtain a smaller 
temperature rise. EI ratings are based on a two-winding transformer with normal 
operating voltage. When three or more windings are required, the EI ratings should 
be decreased slightly. 


tongue 
at 60 cycles at 400 cycles width slack amperes 
El-type of E height per 

LE? EI Ba EI Bn* |punchings | ininches | in inches | inch? 
0.0195 a | 14,000 9.5 5000 ZI + 4 3200 
0.0288 5.8 14,000 15.0 4900 62.5 3 ; 2700 
0.067 13.0 14,000 30.0 4700 75 3 3 2560 
0.088 17.0 14,000 38.0 4600 7s 3 ] 2560 
0.111 24.0, } | 13,500 50.0 4500 11 t t 2330 
0.200 37.0 13,000 80.0 4200 12 1 1 2130 
0.300 54.0 13,000 110.0 4000 12 ] 15 2030 
0.480 82.0 12,500 180.0 3900 12.5 1% 12 1800 
0.675 110.0 | 12,000 230.0 3900 125 1;Z 1 1770 
0.850 145.0 12,000 325.0 3700 3 1 13 1600 
1337 195.0 11,000 420.0 3500 13 13 Z 1500 
3.70 525.0 10,500 | 1100.0 3200 1 13 13 1220 


From “Radio Components Handbook,” Technical Advertising Associates; Cheltenham, Pa.; 
May, 1948: see p. 92. 


* Bm refers to 29-gauge silicon steel, 14 mils thick. 
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Design of power transformers for rectifiers continued 
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Ac= core area = (gp)k 
a = height of coil 
= coil-build 


b = coil width 
g = width of lamination tongue 
I, = average length of magnetic-flux path 


k = stacking factor 
= 0.90 for 14-mil lamination 
= 0.80 for 2-mil lamination or ribbon- 
wound core 


3 
| 


= marginal space given in Fig. 7 
= height of lamination stack 


ze) 
| 


t = thickness of interlayer insulation 
width of core window 


= 
I 


window length tolerance 
1/16 inch, total be 


Fig. 8—Dimensions relating to the design of a transfermer coil-build and core. 


Ff. From (d) and (e) compute the number of layers ny for each winding. 
Use interlayer insulation of thickness f as given in Fig. 7, except that the 
voltage stress should be limited to 40 volts/mil. 


g. Calculate the coil-build a: 
a = 1.1[n (D+ 1 —¢++¢,] 


for each winding from (b) and (fl, where D = diameter of insulated wire 
and t, = thickness of insulation under and over the winding; the numeric 1.1 
allows for a 10-percent bulge factor. The total coil-build should not exceed 
85-90 percent of the window width. (Note: Insulation over the core may 
vary from 0.025 to 0.050 inches for core-builds of § to 2 inches.) 


h. Compute the mean length per turn (MLT), of each winding, from the 
geometry of core and windings as shown in Fig. 9. Compute length of each 
winding N(MLT). 


(MLT), = 2(r + J) + 2ls + J) + ray 
(MLT)2 = 2(r + J) + 2ls + J) + wl2a1 + a2) 
where 


a1 = build of first winding 

a2 = build of second winding 
J = thickness of winding form 

F,s = winding-form dimensions 
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i. Calculate the resistance of each winding from (h) and Fig. 7, and deter- 
mine JR drop and J?R loss for each winding. | 


j. Make corrections, if required, in 
the number of turns of the windings 
to allow for the JR drops, so as to 


have the required E,: 
F, =PlEp,.— deka NN, — Jae 


k., Compute core losses from weight 


of core and the table on core mate- 


rials, Fig. 10, or the graph, Fig. 11. > (ary, coit | (MLT), coil 2 


4 : Fig. 9—Dimensions relating to coil mean 
I. Determine the percent efficiency jength of turn (MLT). . 


1 and voltage regulation (vr) from 


e W outs) WOO 
4 Wout + (core loss) + (copper loss) 
2 
fase T,[Re + (Ne/N>)?Rpl 


E, 


m. For a more accurate evaluation of voltage regulation, determine 
leakage-reactance drop = I,,wl,,/27, and add to the above (vr) the 
value of (Jy,wl,.) /2mEac. Here, l,, = leakage inductance viewed from the 
secondary; see ‘Methods of winding transformers’, p. 299 to evaluate Ig, 


Fig. 10—Typical operating conditions for core materials at various frequencies. 


approxi- approxi- 
lamination core flux mate core mate 
frequency | thickness core density Bmaz loss in exciting 
in cycles in inches material in gausses watts /Ib (VA)/Ib 
25 0.025 2.5-percent silicon 14,000 0.65 4.0 
60 0.014 4-percent silicon 12,000 0.80 6.0 
60 0.014 Grain-orient. silicon 15,000 1.0 6.0 
400 0.064 Grain-orient. silicon 10,000 4.5 10.0 
800 0.004 Grain-orient. silicon 6,000 4.5 10.0 


16,000 — Ferrite 1,000 §.0 — 
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Design of power transformers for rectifiers 
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100,000 -—---—--—— 


10,000 20,000 


Fig. 11—Typical 


flux density in gausses 
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Design of power transformers for rectifiers continued 


n. Bring out all terminal leads using the wire of the coil, insulated with 
suitable sleevings, for all sizes of wire heavier than 21; and by using 7—30 
stranded and insulated wire for smaller sizes. 


Effect of power frequency on design: Design procedure is similar to that 
described above for 60-cycle transformers except for the flux density at 
which the core is operated. Operation at lower frequencies requires a 
larger core (see equation in paragraph (c) above) although reduction of 
core loss partially compensates the size increase. As an example, a 25-cycle 
transformer is approximately twice as large as its 60-cycle equivalent. 


High-frequency operation (Fig. 10) normally results in size and weight 
reduction and is used primarily in aircraft applications where power-supply 
frequencies are usually 400 or 800 cycles. A smaller core results from in- 
creased frequency; but greatly increased losses (Fig. 11) prevent propor- 
tional size decrease from 60-cycle equivalent. Use of thinner laminations par- 
tially compensates the effects of losses permitting further reduction in size. 
Voltage drop due to leakage reactance has greater effect than at 60 cycles 
and may require interleaved winding. 


Television flyback transformers supply power at 16 kilocycles, where normal 
core materials are not satisfactory since extremely thin, (0.001- to 0.002- 
inch) and expensive laminations are required. Molded ferrite cores are 
normally used due to their excellent loss characteristics at these frequencies. 


Design of filter reactors for rectifiers and plate-current supply 
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These reactors carry direct current and are provided with suitable air-gaps. 
Optimum design data may be obtained from Hanna curves, Fig. 12. These 
curves relate direct-current energy stored in core per unit volume, LI 27M4 
to magnetizing field Ni,./J. (where ], = average length of flux path in 
core), for an appropriate air-gap. Heating is seldom a factor, but direct- 
current-resistance requirements affect the design; however, the transformer 
equivalent volt-ampere ratings of chokes (Fig. 5) should be useful in deter- 
mining their sizes. This is based on the empirical relationship (VA) eg = 188LJ,:?. 


As an example, take the design of a choke that is to have an inductance of 
10 henries with a superimposed direct current of 0.225 amperes, and a 
direct-current resistance < 125 ohms. This reactor shall be used for sup- 
pressing harmonics of 60 cycles, where the alternating-current ripple 
voltage (2nd harmonic) is about 35 volts. 
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a. LI? = 0.51. Based on data of Fig. 5, try 4-percent silicon-steel core, 
type El-12.5 punchings, with a core-build of 1.5 inches. From manufacturer's 
data, volume = 13.7 inches?; /, = 7.5 inches; Ae = 1.69 inches?. 


b. Compute LI,.2/V = 0.037; from Fig. 12, Nla.//. = 85; hence, by substitu- 
tion, N = 2840 turns. Also, gap ratio /,/J, = 0.003, or, total gap J, = 22 mils. 


Pe ea: 


SAARI Ae AINA, = 210 gausses, where A, is 


Alternating-current flux density Bin 
in square centimeters. 

c. Calculate from the geometry of the core, the mean length/turn, (MLT) 
= 0.65 feet, and the length of coil = N(MLT) = 1840 feet, which is to 


have a maximum direct-current resistance of 125 ohms. Hence, Ra./N(MLT) 
= 0.068 ohms/foot. From Fig. 7, the nearest size is No. 28. 


TAT a 7 A A 
2 Fon BES at Ba, © 4 ee 
2 2ioe ian | Wh, 

; J ae 


Paes <I 

Ea 

aca AVN, 

= ba id scale A MA | 
Ey, 


scale A 


0.001 


ttt S 


See NN SG. Eales 


(2 
Sue 


| LRN B=!000 gausses cy 


J A has B=!00 em 
B=1!0 TIAN 


NS 


| 2 100 
0.387 X (a ee a 


Fig. 12—Hanna curves for 4-percent silicon-steel core material. 
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Design of filter reactors for rectifiers continued 


( 


d. Now see if 2840 turns of No. 28 single-Formex wire will fit in the window 
space of the core. (Determine turns per layer, number of layers, and coil- 
build, as explained in the design of power transformers.) 


e. This is an actual coil design; in case lamination window space is too small 
(or too large) change stack of laminations, or size of lamination, so that the 
coil meets the electrical requirements, and the total coil-build ~ 0.85 to 
0.90 X (window width). 


Note: To allow for manufacturing variations in permeability of cores and 
resistance of wires, use at least 10-percent tolerance. 


Swinging reactors: Used where direct current in rectifier circuit varies, 
Reactor is designed to saturate under full-load current while providing 
adequate inductance for filtering. At light-load current, higher inductance 
is available to perform proper filtering and prevent ‘capacitor effect.” 
Equivalent size to 60-cycle power transformer is approximated as 


[VAY NS 1168 Ucar cise mt tee 
Design is similar to normal reactor and is based on meeting both L and Jaco 


extremes. Typical swing in inductance is 4:1 for a current swing of 10:1. 


Design of wave-filter reactors 


Wave-filter reactors must have high Q fo provide attenuation at frequencies 
immediately off the pass band. Materials listed in Fig. 6 having both high 
initial permeability and high resistivity are generally suitable. Additional 
data on a few materials is given in Fig. 13. 


Cores are usually molded from powdered materials or wound from very thin 
strips to reduce eddy-current losses. They are usually of toroidal or “pot” 
form to minimize leakage flux. Maximum Q is obtained when: 


(copper loss) = (core loss) 


The inductance is given by 


1.25N?A, 
Lie = 105°) heres 
1g or 1./ wo 
where dimensions are in centimeters and po = initial permeability. This rela- 


tionship is valid primarily where the air-gap J, is small. Where large gaps 
are encountered, the effects of fringing flux at the gaps must be considered 
since the effective gap is generally smaller than the physical gap.* 


* PK. McElroy, “Those Iron-Cored Coils Again”, General Radio Experimenter, vol. 21, pp. 2-8; 
January, 1947. 
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Design of wave-filter reactors continued 


When using molybdenum-permalloy-dust toroidal cores, the inductance is 
given by 


2 

L = aes bsp 110m for per = 125 
25INZAG 

L = 0.85 . “ e lien One Ores ==" 05 


Ferrite cores may be used, but many ferrites have high temperature co- 
efficients of resistance and low curie temperatures (see page 74). 


Small gaps in filter cores will reduce losses, improve Q, stabilize constants 
for varying alternating voltage, and reduce the effects of temperature 
changes in the case of ferrite cores. 


Design of audio-frequency transformers 


Important parameters are: generator and load impedances R,, Ri, respectively, 
generator voltage E,, frequency band to be transmitted, efficiency (output 
transformers only), harmonic distortion, and operating voltages (for ade- 
quate insulation). 


At mid-frequencies: The rela- 
tive low- and high-frequency 
responses are taken with re- 
ference to  mid-frequencies, 
where 

Qe erien 2 1 


Ee (1 + R./Ri) + Ry /a?R, 


At low frequencies: The equiv- 


alent unity-ratio network of a Fig. 14—Equivalent network of an audio-frequency — 


transformer becomes approx- transformer at low frequencies. R; = R, + Rp and 
: h mea R. = R, + Ri. In a good output transformer, Ry, Rs, 
imately as shown in Fig. ; and R, may be neglected. In input or interstage 
] transformers, R, may be omitted. 


VATE En aes ee 


/ 
par 


Amplitude = 


Phase angle = tan7! 


where 


Ry Rea 
Ry + Rea? 


/ ee 
[toar ay, 
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At high frequencies: Neglecting the effect of winding and other capacitances 
(as in low-impedance-level output transformers), the equivalent unity-ratio 
network becomes approximately as in Fig. 15: 

] RotRpea Rs Iptarls 


Amplitude SS ———S 
5 ah Gr a 


Phase angle = tan7! —— 


where 
/ = 2 
R se ~ Ri + Rea Fig. 15—Equivalent network of an audio-fre- 
quency transformer at high frequencies, neglecting 
Xi = Cable the effect of the winding shunt capacitances. 
Jgep = inductance measured across primary with secondary short-circuited 
= /,+ a?/, 
Ke) 1.0 
8 
& 0.9 
2 uP 
: 
2 08 . 
= ly 
2 
0.7 
0.6 
= 
e 
0.5 2 
g 
e} 
<= 
oO 
O04 
0.3 
02 Be 
c ” 
me) 
ie} 
i 
Ou! = 
0 
low-frequency range middle range high-frequency range 
wlio AR ner ; Wlaco/ Rao 


Courtesy of McGraw-Hill Publishing Company 
Fig. 16—Universal frequency and phase response of output transformers. 
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These low- and high-frequency 
Fig. 16. 


Jf at high frequencies, the effect 
of winding and other capaci- 
tances is appreciable, the equiv- 
alent network on a_ 1:1-turns- 
ratio basis becomes as shown 
in Fig. 17. The relative high- 
frequency response of this net- 
work is given by 


(Ry + Ro) /Re 


Pie Xi Vent cae 
(E+4) +(2 R 1) 


decibel variation from median frequency 


f/f. 
Reprinted from ‘Electronic Transformers and Circuits,” 
by R. Lee, 2nd ed., p. 151, 1955; by permission, John 
Wiley & Sons, N. Y. 


Fig. 18—Transformer characteristics at 
high frequencies for matched imped- 
ances. At frequency f,, X; = X, and 
B = X,/R}. 


nsformers continued 


responses are shown on the curves of 


Rg* RptRs Ip* i 


Fig. 17—Equivalent network of a 1:1-turns-ratio— 
audio-frequency transformer at high frequencies 
when effect of winding shunt capacitances is appre- 
ciable. In a step-up transformer, C. = equivalent 
shunt capacitances of both windings. In a step- 
down transformer, C, shunts both leakage in- — 
ductances and R>. 


D>\ 
\ 
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This high-frequency response is plotted in Figs. 18 and 19 for Ry = Reo 
(matched impedances), and Re = oo (input and interstage transformers) 
based on simplified equivalent networks as indicated. 


Harmonic distortion requirements may constitute a deciding factor in the 
design of transformers. Such distortion is caused by either variations in 
load impedance or nonlinearity of magnetizing current. The percent har- 


monic voltage appearing in the output of a loaded transformer is given by* 
E I s R’ 
(percent harmonics) = — = —P2( ] — —P# 
where 100/,/J; = percent of fan current measured with zero- 
impedance source (values in Fig. 20 are for 4-percent silicon-steel core). 


*N. Partridge, "Harmonic Distortion in Audio-Frequency Transformers,” Wireless Engineer, 
v. 19; September, October, and November, 1942. 


+ 
@ 


+6 


decibel variation from median frequency 


Reprinted from ‘Electronic Transformers and Circuits," 
by R. Lee, 2nd ed., p. 153, 1955, by permission, John 
Wiley & Sons, N. Y. R,= @ 


Xe (class= A grid) 
Fig. 19—Input- or interstage-transformer 
characteristics at high frequencies. At f,, 
Xi = X, and B = X,./R;. 
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Fig. 20—-Harmonics produced by various flux densities B,, in a 4-percent silicon-steel- 
core audio transformer. 


Bn | percent 3rd harmonic | percent 5th harmonic 
100 4 1.0 
500 7 ; 1.5 

1,000 9 2.0 

3,000 15 25 

5,000 20 3.0 

10,000 30 5.0 


Insertion loss: Loss introduced in circuit by addition of transformer. At 
midband, loss is caused by winding resistance and core loss. Frequency 
discrimination adds to this at low and high frequencies. Insertion loss is 
input divided by output expressed in decibels or, in terms of measured 
voltages and impedance: 


2 
(db insertion loss) = 10 log Fee Re 
4 ER, 


Impedance match: For maximum power transfer, the reflected load impe- 
dance should equal generator impedance. Winding resistance should be 
included in this calculation: For matching, 


R, =a? (Ry +R) +R, 


Also, in properly matched transformer, 
Ry t= carl = (ZX 7 


where 


Zoc = transformer primary open-circuit 
impedance. R,= 102 


Zse = transformer primary impedance Rg = 600 ohms 
with secondary winding short- Wp =!6 watts 


ircuited. 2 
° ‘ R,= 502 


v 


Where more than one secondary is 
used, the turns ratio to match im- 
pedances properly depends on the 


: “eure R,= 1002 
power delivered from each winding. : 


Ww, = lw 


N R Wn \2 | 
ea (pa Fig. 21—Multisecondary audio trans- 
Rg Wp former. 
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Example: Using Fig. 21, 


N 10 10\ 
NE = ( x) = 0.0104 


Ai, du\ 600: ">. 16 

Ms 9/50 ., 5\% 

a (= x ) = 0.026 
mm 67100. 1\% 

o> (x x ) = 0.0104 


Example of audio-output-transformer design 
a 


This transformer is to operate from a 4000-ohm impedance; to deliver 
S watts to a matched load of 10 ohms; to transmit frequencies of 60 to 
15,000 cycles with a Vout/Vin ratio of 71 percent of that at mid-frequencies 
(400 cycles); and the harmonic distortion is to be less than 2 percent. 
(See Figs. 14 and 15.) 


a. We have: EF, = (WR)? = 7.1 volts 
I, = Wout/Es = 0.7 amperes 
a = (R,/R) = 20 
Then 
I, = 1.1 1,/a = 0.039 amperes, and Ep = 1.1 aE, = 156 


b. To evaluate the required primary inductance to transmit the lowest 
RyRea? 

Ry + Roa?’ 

Where Ri = Ry + Rp and Re = R; + Rs. We choose winding resistances 

mk, / a? == .0.05R; = 0.5 


frequency of 60 cycles, determine R’,, = Ri + a’Re and R’ par = 


Ria? & 100 
(for a copper efficiency = eth = 9] percent). Then, 


R’se = 2R, = 8400 ohms, and R’ par = Ri/2 = 2100 ohms. 


c. In order to meet the frequency-response requirements, we must have 
| 5 , a Vi w ik. 
according to Fig. 16, ee ag res ae Do 

par se 


which yield 


L, = 5.6 henries and /,,,, = 0.089 henries 
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d. Harmonic distortion is usually a more important factor in determining 
the minimum inductance of output transformers than is the attenuation 
requirement at low frequencies. Compute now the number of turns and 
inductance for an assumed Bm = 5000 for 4-percent silicon-steel core with 
type EI-12 punchings in square stack. From manufacturer's catalog, Ae 
(net) = 5.8 centimeters?, J, = 15.25 centimeters. From Fig. 22, ba, ~ SOOO. 


E, X 108 
= 2? “= 2020 
* CAAT AB 
Nos ING/ a= 
1.25N,20.-A: 
L, = Ti piaSREBG xX 10-8 = 97 henries 


At 60 cycles, Xm = wlp = 36,600 and R’par/Xm = 0.06. 
From values of J,/I; for 4-percent silicon-steel (See Fig. 20): 


Pei a ek is ( R’ 
= — (1 — —) = 0.012 or 1.2 percent 
AXn ; 
e. Now see if core window is large enough to fit windings. Assuming a 
simple method of winding (secondary over the primary), compute from 
geometry of core the approximate (MLT), for each winding (Fig. 9). 


= 5000 a Per Me CT ee 
= Ee I ee Oe 
3 a aS ie VS ett tet 
£ 
Ea LT eT 
eee Cer a 
3 oe IN 
e ee ee 
800 Fae 2 ee Be oaiee 
v pee S| i= = ae 0 Dea < ot =a 0 es Ss = TE 
S 600 FE cy OR OR ca A OR Ig eT 
& eee OPT eT MESS A ass ee Ee 
Ly CTT ness SET 
° onal pate t) EL | GA a 
tLe er 
100 
10 50 100 500 1000 $000 10,000 
Bm = alternating flux density in gausses Courtesy of Allegheny-Ludlum Corp., Pittsburgh, Pa. 


Fig. 22—Incremental permeability ac characteristics of Allegheny audio-transformer 
“A sheet steel at 60 cycles/second. No. 29 U.S. gauge, L-7 standard lamina- 
tions stacked 100 percent, interleaved. This is 4-percent silicon-steel core mate- 
rial. H) = magnetizing field in oersteds. 
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For the primary, (MLT) = 0.42 feet and Np(MLT) = 850 feet. 
For the secondary, (MLT) = 0.58 feet and N,(MLT) ~ 65 feet. 


For the primary, then, the size of wire is obtained from 
Rp/Np(MLT) = 0.236 ohms/foot; and from Fig. 7, use No. 33. 
For the secondary, Rs/Ng(MLT) = 0.008, and size of wire is No. 18. 


f. Compute the turns/layer, number of layers, and total coil-build, as for 
power transformers. For an efficient design, (total coil-built) ~ (0.85 to 
0.90) & (window width) 


g. To determine if leakage inductance is within the required limit of (c) 
above, evaluate 


_ 10.6N,?(MLT) (2nc + a) 


= Haar = 0.036 henries 


which is less than the limit 0.089 henries of (c). The symbols of this equation 
are defined in Fig. 28. If leakage inductance is high, interleave windings as 
indicated under “Methods of winding transformers”, p. 298. 


Example of audio-input-transformer design 
LS TS SE SSC) 


This transformer must couple a 500-ohm line to the grids of 2 tubes in class-A 
push-pull. Attenuation to be flat to 0.5 decibel over 100 to 15,000 cycles; 
step-up = 1:10; and input to primary is 2 volts. 


a. Due to low input power, use core material of high permeability, such as 
4750 in Fig. 6. To allow for possible variation from manufacturer's stated 
value of 9000, assume wo = 4000. Interleave primary between halves of 
secondary. Use No. 40 wire for secondary. For interwinding insulation use 
0.010 paper. Use winding-space tolerance of 10 percent. 
5 a’RiRe 

b. Total secondary load resistance = R’ pa, = aii: = aR, 

= 500 X 10? = 50,000 ohms 


From universal-frequency-response curves of Fig. 16 for 0.5 decibel down 
at 100 cycles (voltage ratio = 0.95), 


Piowls _ 3, or Ls = 240 henries 


R par 

¢. Try Allegheny type EI-68 punchings, square stack. From manufacturer's 
catalog, A, = 3.05 centimeters, J, = 10.5 ‘centimeters, and window 
dimensions = 34 X Izy inches, interleaved singly: J, = 0.0005. 
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Example of audio-input-transformer design continued 


1.25N?A. 
ly + 1e/ 0 


From formula L = xX 107-8 and above constants, compute 
N, = 4400 
Noe=aN,/ ae 7440 


d. Choose size of wire for primary winding, so that R, = 0.1R, = 50 ohms. 
From geometry of core, (MLT) = 0.29 feet; also, Rp/N»p(MLT) = 0.392, 
or No. 35 wire (D = 0.0062 for No. 35F). 


e. Turns per layer of primary = 0.9b/d = 110; number of layers np 
= N,/110 = 4; turns per layer of secondary 0.9b/d = 200; number of 
layers ne = N,/200 = 22. 


f. Secondary leakage inductance 


2 ~9 
pee 10.6N?, (MLT) a +a) X 10 Be gira eee 
n 


g. Secondary effective layer-to-layer capacitance 


(see p. 299) where C; = 0.225Ae/t = 1770 micromicrofarads. Substituting 
this value of C; into above expression of C,, we find 


Ga 107 micromicrofarads 


h. Winding-to-core capacitance = 0.225Ae/t = 63 micromicrofarads (using 
0.030-inch insulation between winding and core). Assuming tube and stray 
capacitances total 30 micromicrofarads, total secondary capacitance 


Ce 200 micromicrofarads 


i. Series-resonance frequency of /,, and C; is 


1 
f, = ———— = 19,200 cycles, 
rV LCs 


At f, B = X./R1 = 1/2mf,C,R1 = 0.83; at 15,000 cycles, f/f, = 0.78. 


From Fig 18, decibels variation from median frequency is seen to be less — 


than 0.5. 


If it is required to extend the frequency range, use Mumetal core material 
for its higher po (20,000). This will reduce the primary turns, the leakage [ 
inductance, and the winding shunt capacitance. } 
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Considerations in audio-transformer design 


Output transformers 


These are step-down low-impedance transformers in which the high- 
frequency response is governed mainly by leakage inductance since dis- 
tributed capacitance has little effect on the low load impedance. Commonly 
used in the plate circuit of yacuum-tube amplifiers and thus has direct current 
in the primary unless shunt feeding or push-pull operation is employed. 
Usually employ silicon steel with gapped construction. Since transmission of 
power is concerned, the efficiency should be high. 


Input and interstage transformers 


Such transformers are usually step-up type to obtain as much voltage gain 
as possible to drive the grid of the following tube. The secondary works 
into a high impedance represented either by a shunt resistor or the grid 
itself. High-frequency response is analyzed in Fig. 19. 


When direct current is present in the primary, the incremental permeability 
is reduced as indicated in Fig. 22. This increases the number of winding turns 
required and the resulting increase in shunt capacitance makes it difficult to 
obtain good high-frequency response. When direct current is not present, 
high-permeability core material should be 
used. Since no power is transferred, the 


secondary wire size is limited only by : 
winding techniques and is as small as 

possible. Low-frequency response can be L | 
manipulated where a coupling capacitor 


exists by applying filter theory to the 
coupling capacitance and to the induc- Fidsaa = -Ranlyolantisifauisediunide: 


tances of the choke and primary winding termining the low-frequency response 
as indicated in Fig. OF of shunt-fed interstage transformers. 


Interstage transformers usually have ratios of 1:1 or slightly higher. Both 
primary and secondary impedances are rather high and are thus susceptible 
to shunt capacitances. 


Modulation transformers 


These transformers are treated similarly to output transformers except 
that high power and low distortion must be given special consideration. 
This transformer usually works from a class-B push-pull amplifier and it 
is essential that the load impedance remain fairly constant with a power 
factor near unity. Such a condition can be obtained in the normal modulation 
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Considerations in audio-transformer design continued 
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circuit by treating the inductance of the transformer secondary, the coupling 
capacitance, and the inductance of the modulation choke as a high-pass 
filter with a cutoff frequency of 4 to 3 of the lowest frequency to be passed 
as indicated in Fig. 24A. 


A —at low frequencies B - at high frequencies 


Fig. 24—Equivalent filters used in determining the low- and high-frequency responses of 
modulation transformers. 


For the high-frequency end, the transformer primary capacitance, leakage 
inductance, and secondary capacitance are treated as a low-pass filter 
with cutoff frequency from 2 

to 3 times the highest fre- to screen 


: ‘ rid 
quency to be transmitted (Fig. i o 
24B). Modulation transformers suena 


commonly used in low-power 


to plate 
circuits dispense with the I Vp 
° de R,~—s 
modulation choke and coup- ar Lo Ne 
A * : c . su 
ling capacitor as indicated in es 
Fig. 20: Fig. 25—Typical low-power modulation circuit. 


Driver transformers 


These transformers are used to drive high-power class-B amplifiers where 
the grids draw current over part of a cycle and thus require some power. 
Good regulation is a requirement to prevent poor waveform. The best way 


to do this is to employ a step-down ratio that will supply the necessary grid 


swing with adequate margin of safety. Low winding resistances and low 
leakage inductance in each half of the secondary are required to maintain 
good regulation. 
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Class-A-amplifier transformers 


These transformers are used in common single-tube amplifier stages coupled 
by transformers. Since the tube is operated over the linear portion of its 
characteristic, minimum distortion is experienced, provided the transformer 
reflects the proper load to the tube. Unless shunt feed is used, the primary 
winding of the transformer carries the direct plate current. The alternating- 
current output consists of variations in the plate direct current. Input trans- 
formers are essentially unloaded except for tube capacitance or shunt 
resistance since the grid never draws current. 


Class-B-amplifier transformers 


~ Class-B amplifiers operate over a greater range of the tube characteristic 
than in class A and distortion is greater since part of the characteristic 
is nonlinear. Plate current flows essentially 4 cycle at a time since negative 
swings of the grid cutoff plate current resulting in slightly lower average 
current than in the class-A case. The primary of transformer-coupled 
amplifiers carries direct current. The internal tube resistance varies greatly 
with grid voltage, thus the high-frequency response is difficult to predict. 
Input transformers have to supply some grid power and driver-transformer 
theory applies to them. 


Push-pull-amplifier transformers 


Class-A: Both tubes draw plate current at all times and thus contribute to 
output. For this reason, primary balance or coupling of the transformer is not 
too important and one-half of the winding may be placed over the other. 
Turns ratio of entire primary winding to secondary is equal to the square 
root of the impedance ratio (Fig. 26). Average direct current of primary 
is balanced out due to center feeding, although generally 5-percent un- 
balance should be allowable to take care of tube variations. 


Class-B: In contrast to class-A operation, only one tube conducts at a 
time since the other is biased off. Good coupling between primary halves 
and the entire secondary is a requirement. Primary-to-primary leakage 
inductance causes nicks in output wave because of transients as operation 
switches from one tube to the other. Since only one tube operates at a 
time, the turns ratio of each half of the primary to the whole secondary, 
equals the square root of one tube impedance to the secondary impedance 
(Fig. 27). Variations in tube impedance, which may become quite large, 
affect the high-frequency response. 
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Considerations in audio-transformer design continued 


Class-AB,: An intermediate case where the bias voltage is slightly higher 
than class A but the grids draw no current. Coupling transformers are 
similar to class A. 


Class-AB,: The tubes are biased near cutoff but not as far as class B. Grid 
current is drawn and for a portion of each cycle the tubes act independently. 
Class B transformer design applies. 


Rg= 1500 ohms Rg= 1500 ohms 
Ri = R, = 
1500 1500 
ohms ohms 
( 
+N, V/2 
BMY {500 
= | = | (for each half 
Ns ( cae, of primary) 
N,/Ns =2 
Fig. 26—Push-pull class-A amplifier with a Fig. 27—Push-pull class-B amplifier with a 
1.4:1 turns ratio. 2:1 turns ratio. 


Methods of winding transformers 


Most common methods of winding transformers are shown in Fig. 28. Leakage 


1, secondary (2) 


n=2: 


f, Primary 


secondary(1)} 


secondory (2) 
Cc 


Fig. 28—Methods of winding transformers. 
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Methods of winding transformers continued 
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inductance is reduced by interleaving, i.e., by dividing the primary or 
secondary coil in two sections, and placing the other winding between the 
two sections. Interleaving may be accomplished by concentric and by 
coaxial windings, as shown on Figs. 28B and C; reduction of leakage in- 
ductance is computed from the equation 


_ 10.6N?(MLT) (2nc + a) 


is 
nbox 10° 


henries 
(dimensions in inches) to be the same for both Figs. 28B and C. 


Means of reducing leakage inductance are 


a. Minimize turns by using high-permeability core. 
b. Reduce build of coil. 

c. Increase winding width. 

d. Minimize spacing between windings. 

e. Use bifilar windings. 


Means of minimizing capacitance are 


a. Increase dielectric thickness (t). 
b. Reduce winding width b and thus area A. 
c. Increase number of layers. 


d. Avoid large potential differences between winding sections as the 
effect of capacitance is proportional to applied potential. 


Note: Leakage inductance and capacitance requirements must be com- 
promised in practice since corrective measures are opposites. 


Effective interlayer capacitance of a winding may be reduced by sectionaliz- 
ing it as shown in D. This can be seen from the formula 


e= =(1 — *| micromicrofarads 
ny 


where 


ny = number of layers 
C; = capacitance of one layer to another 


0.225Ae . ; 
= micromicrofarads 


where 
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A = area of winding layer 

= (MLT)b inches? 
t = thickness of interlayer insulation in inches 
€ = dielectric constant 

= 3 for paper 


Pulse transformers 


Pulse transformers are designedto transmit square waves or trains of pulses 
as described in Fig. 7, page 538, while maintaining as closely as possible 


the original shape. Fourier 
analysis shows that such pulse overshoot 
waveforms consist of a wide 
range of frequency com- 
ponents. Thus the trans- gopiieg 
former must have suitable Pulse 
bandwidth to maintain fidel- 


ity. 


Pulse transformers can be 


rise time 


I droop 


pose 


analyzed by considering the E swing 
t = 
leading edge, top, and trail- pute > . t 
width : 
ao) 


ing edge of the pulse sepa- 
rately. Fig. 29 portrays a 


Fig. 29—Output pulse shape. In the strictest sense, 


typical transformer Output pulse rise and decay times are measured between the 
oulse compared to input 10- and 90-percent values; width between the 50-per- 


cent values. 


pulse. Refer to page 541 for 


pulse terminology. Fig. 30 shows the fundamental circuit and Fig. 31 illustrates 
equivalent circuits for the various transient conditions. 


Leading-edge reproduction requires transmission of a wide band of fre- 
quencies and is controlled by leakage inductance Iscp and winding capaci- — 


tances C, and C, as indicated in Fig. 31A, B, 


and C. Analysis for step-up 


and step-down transformers varies slightly as shown. Leakage inductance 


and winding capacitance must be mini- 
mized to achieve a sharp rise; however, 
output voltage may overshoot input 
voltage and oscillation may be encoun- 
tered where very abrupt rise times are 
involved. 


generator Ee =: R; 


Fig. 30—Pulse-transformer circuit. 
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Pulse transformers continued 
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Pulse-top response is dependent on the magnitude of the open-circuit 
inductance of the transformer as indicated in Fig. 31D. The greater the 
inductance Ly, the smaller the droop from input voltage level. 


Fig. 31—Pulse-transformers equivalent circuits. 
A—Leading-edge equivalent circuit. B—Leading- 
edge equivalent circuit for step-up-ratio trans- 
former. C—Leading edge equivalent circuit step- 
down-ratio transformer. D—Top-of-pulse equiva- 
lent circuit. E—Trailing-edge equivalent circuit. 


& 


Control of the trailing edge of the pulse is dependent on the open-circuit 
inductance and secondary winding capacitance as shown in Fig. 31E. The 
lower the capacitance, the faster the rate of voltage decay. Negative 
backswing depends on the magnitude of the transformer magnetizing 
current. The greater the magnetizing current, the greater the backswing. 


Pulse-transformer design involves analysis of transient effects and thus 
direct solution is complex. Empirical or graphical solution* is usually used. 


low-loss core materials such as grain-oriented silicon-steel loop cores 
or nickel-iron alloys in 2-mil thickness are normally used. Small air gaps 
are commonly used to reduce remanent magnetism in core due to uni- 
directional pulses. Windings are normally interleaved to reduce leakage 
reactance. Where load impedance is high, single-layer primary and 
secondary windings are best; where low, interleaved windings are best. 


*R. Lee, “Electronic Transformers and Circuits,” 2nd edition, John Wiley & Sons, Inc., New 
York; New York; 1955: chapter 10, p. 292. 
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Pulse transformers continued 


Special winding techniques may be required to reduce winding capacitances. 
Construction is normally of core type, single or double coil, since capa- 


-citance may be more easily controlled. 


Temperature and humidity 


Fig. 32—Classification of electrical insulating materials.* 


class 


G 


insulating material 


Cotton, silk, paper and similar organic 
materials when neither impregnated nor 
immersed in a liquid dielectric 


(1) Cotton, silk, paper, and similar organic 
materials when either impregnated or im- 
mersed ina liquid dielectric; or (2) molded 
and laminated materials with cellulose 
filler, phenolic resins and other resins of 
similar properties;or (3) films and sheets of 
cellulose acetate and other cellulose de- 
rivatives of similar properties; or (4) var- 
nishes (enamel) as applied to conductors 


Mica, glass fiber, asbestos, etc., with 
suitable binding substances. Other ma- 
terials or combinations of materials, not 
necessarily inorganic, may be included 
in this class if by experience or accept- 
ance tests they can be shown to be 
capable of operation at class-B tem- 
perature limits 


Silicone elastomer, mica, glass fiber, 
asbestos, etc., with suitable binding 
substances such as appropriate silicone 
resins. Other materials or combinations 
of materials may be included in this 
class if by experience or acceptance 
tests they can be shown to be capable 
of operation at class-H temperature 
limits 


Entirely mica, porcelain, glass, quartz, and 
similar inorganic materials 


limiting 
insulation 
femperature 
(hottest spot) 
in °C 


90 


105 


130 


180 


No limit 
selected 


permissible rise in °C 
above 40°C ambient 


by ther- 
mometer 


35 


50 


70 


100 


by resistance 
or imbedded 
detector 


45 


60 


80 


120 


*Abridged from, “General Principles Upon Which Temperature Limits Are Based In the Rating 
of Electrical Machines and Other Equipment," American Institute of Electrical Engineers Standard 
No. 1, with revisions proposed in a paper, “Problems of Revising AIEE Standard No. 1,” 
Electrical Engineering, vol. 75, pp. 344-348; April, 1956. 
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Temperature and humidity continued 
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Standard classes of insulating materials and their limiting operating tempera- 
tures are listed in Fig. 32. A comparison of the properties of five high- 
temperature wire insulating coatings is shown in Fig. 33. 


Fig. 33—Comparison of five high-temperature wire-insulating materials.* 


silicone formvar 
characteristic modified teflon | enamel (vinyl plain 
teflon DC1360 acetal) enamel 
Upper temp. limit +250°C +250°C +180°C +105°C +80°C 
Lower temp. limit — 100°C — 100°C —40°C —40°C — 40°C 
Dielectric strength Excellent Very good| Very good Good Good 
Dielectric constant 2.0—2.05f¢ | 2.0—2.05¢ | Inferior Inferior Inferior 
(60cy—30,000mc) 
Power factor 0.0002 0.0002f Inferior, Inferior Inferior 
(60cy—10,000mc) about 
0.006—0.007 

Space factor Excellent Excellent Excellent Excellent Excellent 
Solvent resistance Excellent Excellent Fair Fair Poor 
Abrasion resistance Good Fair Very good Excellent Good 
Thermoplastic flow Good Fair Excellent Excellent Good 
Crazing resistance Excellent Very good| Fair Fair Fair 
Flame resistance Excellent Excellent Fair Poor Poor 
Fungus resistance Excellent Excellent Good Good Poor 
Moisture resistance Excellent Excellent Good Good Good 
Continuity of insul. Excellent Excellent Good Good Good 
Arc resistance Excellent Excellent Good Good Good 
Flexibility Excellent Very good Good Good Good 


* Taken from, J. Holland, “Choosing Wire Insulation For High Temperatures," Electronic Design, vol. 2, p. 14; July, 1954 
T Stable at temperatures up to 250° C. 


Open-type constructions generally permit greater cooling than enclosed 
types, thus allowing smaller sizes for the same power ratings. Moderate 
humidity protection may be obtained by impregnating and dip-coating or 
molding transformers in polyester or epoxy resins; these units provide good 
heat dissipation but are not as good in this respect as completely open 
transformers. 


Protection against the detrimental effects of humidity is commonly obtained 
by enclosing transformers in hermetically sealed metallic cases. This is 
particularly important if very-fine wire, high output voltage, or direct- 
current potentials are involved. Heat conductivity to the case exterior may 
be improved by the use of asphalt or thermosetting resins as filling materials. 
Best conductivity is obtained with high-melting-point silica-filled asphalts 
Or resins of the polyester or epoxy types. Coils impregnated with these 
resins dissipate heat best since voids in the heat path may be eliminated. 
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Temperature and humidity continued 
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Immersion in oil is an excellent means of removing heat from transformers. 
An air space or bellows must be provided to accommodate expansion of oil 
when heated. 


Dielectric insulation and corona 
_ RR SN BNA SPL BN MTS SE I ILA TO BRE OT 


For class-A, a maximum dielectric strength of 40 volts/mil is considered safe 
for small thicknesses of insulation. At high operating voltages, due regard 
must be paid to corona that occurs prior to dielectric breakdown and will 
in time deteriorate insulation and cause dielectric failure. Best practice 
is to operate insulation at least 25 percent below the corona starting 
voltage. Approximate 60-cycle root-mean-square corona voltage V is: 
Rep eee Ste fiteo) 
800 3 

where t = total insulation thickness in inches. This may be used as a guide 
in determining the thickness of insulation. With the use of varnishes that 
require no solvents, but solidify by polymerization, the bubbles present 
in the usual varnishes are eliminated, and much higher operating voltages 
and, hence, reduction in the size of high-voltage units may be obtained. 
Fosterite, and some polyesters, such as the Intelin 211 compound, belong in 
this group. In the desigh of high-voltage transformers, the creepage distance 


required between wire and core may necessitate the use of insulating 
channels covering the high-voltage coil, or taping of the latter. For units ~ 


operating at 10 kilovolts or higher, oil insulation will greatly reduce creepage 
and, hence, size of the transformer. 


Rectifier basic circuits 
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@ Rectifiers and filters 


Half-wave rectifier (Fig. 1): Most applications are for low-power direct 
conversion of the type necessary in small ac-de radio receivers (without 


an intermediary transformer), and 
often with the use of a metallic 
rectifier. Not generally used in 
high-power circuits due to the low 
frequency of the ripple voltage and 
a large direct-current polarization 
effect in the transformer, if used. 


Full-wave rectifier (Fig. 2): Exten- 
sively used due to higher frequency 
of ripple voltage and absence of 
appreciable direct-current polari- 
zation of transformer core because 
transformer-secondary halves are 
balanced. 


Bridge rectifier (Fig. 3): Transformer 
utilization better than in circuit of 
Fig. 2. Extensively used with semi- 
conductor rectifiers (p. 311). Not 
often used with tube rectifiers: re- 
quiring 4 tubes and 3 well-insulated 
filament-transformer secondaries. 
Peak inverse voltage is half that of 
Fig. 2, but rectifier voltage drop is 
doubled (for same tube type). 


Voltage multiplier (Fig. 4): May be 
used with or without a line trans- 
former. Without the transformer, it 
develops sufficiently high output 
voltage for low-power equipment; 
however, lack of electrical insula- 
tion from the power line may be ob- 
jectionable. May also be used for 
Obtaining high voltages from a 
transformer having relatively low 
step-up ratio. 


Chih 


Fig. 1—Half-wave single-phase rectifier. 


- cycle 
03 | 
wave __ single- 
phase rectifier. 


on 


Fig. 3—Bridge rectifier. 


grin 


Fig. 4—Voltage-doubler rectifier. 


to line or 
transformer 
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Typical power rectifier circuit connections and circuit data 


rectifler single-phase single-phase 3-phase 3-phase 
full-wave full-wave half-wave half-wave 
type (bridge) 
of 
circuil . | | | 
single-phase 
transformer center-tap single-phase delta-wye delfa=zig zag 
+ 
secondary ° 
circuld 
primary | | | | 

Number of phases of 

supply 1 3 3 
Number of rectifiers* 2 4 3 3 
Ripple voltage 0.48 0.48 0.18 0.18 
Ripple frequency 2f of 3f 3f 
line voltage Teul ah} 0.855 0.855 
line current ] ] 0.816 0.816 
Line power factor f 0.90 0.90 0.826 0.826 
Transformer primary 

volts per leg 1.11 elit 0.855 0.855 
Transformer primary 

amperes per leg ] 1 0.471 0.471 
Transformer primary 

kilovo|t-amperes Veit atl 1.21 1.21 
Transformer average 

kilovolt-amperes 1.34 1.11 35 1.46 
Transformer second- 

ary volts per leg 111A allt! 0.855 0.493A 
Transformer second- 

ary amperes per leg 0.707 1 0.577 0.577 
Transformer second- 

ary kilovolt-amperes Sy; 1.11 1.48 1.7] 
Peak inverse voltage 

per rectifier 3.14 1.57 2.09 2.09 
Peak current per rec- 

tifler 1 1 1 ] 
Average current per 

rectifier 0.5 0.5 0.333 0.333 


Unless otherwise stated, factors shown express the ratio of the root-mean-square value of the 
circuit quantities designated to the average direct-current-output values of the rectifier. 


Factors are based on a sine-wave voltage input, infinite-inductance choke, and no transformer 
or rectifier losses, 
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6-phase 6-phase 6-phase 3-phase 3-phase 
half-wave half-wave (double 3-phase) full-wave full-wave 
half-wave 
delta=-double- 
delta-6-phase wye with 
delta=sfar fork balance coil delta=-wye delta=delta 
| 
| | 
+ =| - + 
3 3 3 3 
6 6 6 6 6 
0.042 0.042 0.042 0.042 0.042 
éf éf éf éf 6f 
0.740 0.428 0.855 0.428 0.740 
0.816 1.41 0.707 1.41 0.816 
0.955 0.955 0.955 0.955 0.955 
0.740 0.428 0.855 0.428 0.740 
0.577 0.816 0.408 0.816 0.471 
1.28 1.05 1.05 1.05 1.05 
1255 1.42 1.26 1.05 1.05 
0.740A 0.428A 0.855A 0.428 0.740 
{ 0.577B 
0.408 1 0.408C 0.289 0.816 0.471 
1.81 evAY? 1.48 1.05 1.05 
2.09 2.09 2.42 1.05 1.05 
] ] 0.5 ] 1 
0.167 0.167 0.167 0.333 0.333 


* These circuit factors are equally applicable to electron-tube or metallic-plate rectifiers. 


t (Line power factor) = (direct-current output watts) / (line volt-amperes.) 
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Semiconductor rectifiers 


Applications 


Foremost in the category of semiconductor- or dry-type rectifiers are 
selenium, germanium, silicon, and copper-oxide rectifiers. The various fields 
of application for the different types are governed by their basic voltage 
and current characteristics, environmental conditions, size and weight | 
considerations, and cost. 


The uses of semiconductor rectifiers cover a wide range of applications 
that include battery chargers; radio, television, and miscellaneous direct- 
current power supplies; magnetic amplifiers; servomechanism circuits; and 
many special applications such as arc suppression, polarization of alter- 
nating-current circuits .(direct-current restorers), drainage rectifiers (for 
cathodic protection), and many others. 


Equivalent circuit 


Semiconductor rectifiers may be regarded as resistive devices having low 
electrical resistance in the forward direction and high resistance in the 
reverse direction. (For high-impedance circuits, the capacitance across the 
rectifying layer may become important.) The voltage drop in the forward 
direction must be taken into account when the alternating-current input 
voltage of a rectifier is to be determined. 


Aging 


Some semiconductor rectifiers exhibit a phenomenon known as aging, 
which manifests itself in an increase of forward as well as reverse resistance 
with usage. The degree of aging is different for the various types. Depending © 
on the application, means for compensating for the aging effect may or 
may not be required. 


Rating of a rectifier cell 


It is common practice to rate a rectifier cell on the basis of the root-mean- 
square sinusoidal voltage that it can withstand in the reverse direction and 
on the average forward current that it will pass at a certain current density. — 
For selenium-rectifier cells, typical ratings at 35 degrees centigrade ambient 
are: 


26 root-mean-square volts per cell 
320 direct-current milliamperes per square inch of active rectifying area 


The cell voltage ratings for copper-oxide rectifiers are lower than for 
selenium; such rectifiers are used mostly in low-voltage circuits. 


RECTIFIERS AND FILTERS 309 
Semiconductor rectifiers continued 
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Voltage ratings of germanium and silicon rectifiers are higher than for 
selenium, so such rectifiers can be employed more advantageously in high- 
voltage circuits. 


Forward voltage drop 


Typical dynamic forward voltage-drop characteristics for selenium rectifiers 
are shown in Fig. 5. The forward voltage drop per rectifying element or 
plate is highest for battery-charging and capacitive load applications, due 
to the high ratio of root-mean-square current to average direct current. 
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Fig. 5—Typical dynamic forward voltage-drop curves for selenium-rectifier cells, at 65- 
degree-centigrade cell temperature. A—Battery or capacitive loads: Single-phase half-wave, 
bridge, or center-tap. B—Resistive or inductive loads: Single-phase half-wave, bridge, 
or center-tap; and 3-phase half-wave. C—All types of loads: 3-phase bridge or center-tap. 


~ Rating of a selenium rectifier stack 


Stacks are operated at a given temperature that is a safe value with 
allowance for aging. Catalog rating is in most cases based on an ambient 
temperature of 35 degrees centigrade. Ratings for higher temperatures 
than that (Fig. 6) are based on reduction in forward current to reduce 
forward-current losses, reduction in reverse voltage to reduce reverse- 
current losses, or a combination of both forward-current and reverse-voltage 
reductions to obtain the desired operating temperature with good electrical 
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Semiconductor rectifiers continued 


efficiency. The forward voltage drop and consequent heating depend to a 
small degree on the temperature of the rectifier cell, as does also the reverse 
current. 


The 35-degree-centigrade rating 
of a rectifier is based on a current 
density for a cell of about 320 
milliamperes per square inch of 
active rectifying area. While each 
cell “has this sasic-"rating.s ifs 
common practice to increase the 
current density for the same tem- 
perature rise by increasing the 
space between cells or by using 
forced-air or oil cooling. The in- 
crease in spacing allows for cur- 
rent density increases from 20 to 
50 percent; the higher percentage Fig. 6—Selenium-rectifier temperature de- 


applies to smaller-size cells. This rating curves (approximate), for root-mean- 


causes some reduction in effi- square alternating input voltage and average 
direct output current based on 35-degree- 
centigrade ambient. 


percentage of normal rating 


1@) 
35 40 45 50 55 60° 65 7G 
ambient temperature in degrees centigrade 


ciency due to higher voltage drop. 


The cells at each end of a stack have the lowest temperature due to greatest 
cooling there. Cell temperatures rise successively from each end toward the 
center of the stack. In a long stack, the temperatures of a number of the 
central cells are practically identical. As a consequence, some manufacturers 
raise the rating of stacks of | to 8 cells as much as 50 percent, and of stacks 
of 9 to 16 cells as much as 25 percent. These increases apply only to the 
normal-spaced convection-cooled ratings and not to the wide-spaced or 
forced-air- or oil-cooled ratings. 


Past practice for forced-air- or oil-cooled rectifiers has been to rate them 
up to 2.5-times normal rating with adequate cooling. Experience shows that 
up to 2-times normal is a better design figure to use when long life and good 
efficiency and voltage regulation are factors. 


Development of new techniques in selenium-rectifier manufacture permit 
operating at higher reverse voltages, higher current densities, and higher 
cell temperatures. This is in addition to ratings that may be given to regular 
production stacks, which permit greater output or increased-temperature 
operation coincident with a reduction in life expectancy. New processes 
may also carry a reduction in life expectancy subject to further experience 
in use and in the laboratory. | 
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Semiconductor rectifiers — continued 


Circuit design for semiconductor power rectifiers 


For most applications, particularly with single-phase input, full-wave 
bridge circuits are used, although half-wave and center-tap rectifiers are 
frequently used where low direct voltage is required. However, when direct- 
voltage requirements exceed the output of a single series rectifier element, 
use of the full-wave bridge circuit is preferred, since the same number of 
rectifier plates are then required for half-wave or center-tap connections 
as for a full-wave bridge connection. A half-wave rectifier has a relatively 
poor power factor, high ripple content in the output, and requires a larger 
transformer than a full-wave bridge circuit. A center-tap rectifier requires 
a somewhat larger transformer than an equivalent full-wave bridge rectifier, 
with the added complication of bringing out the center tap. 


The table on pages 306 and 307 for typical power-rectifier circuit connec- 
tions and circuit data show the theoretical values of direct and alternating 
voltages, current, and power for the basic rectifier and transformer ele- 
ments of single-phase and polyphase conversion circuits, based on perfect 
rectifiers and transformers. 


The information in Figs. 7 and 8 can be used to determine the input values of 
alternating voltages and output direct currents and the number of rectifier 
cells for various basic rectifier circuits. 


The formulas and the values of the constants K and J,, are approximate, but 
are sufficiently accurate for practical design purposes. 


Symbols for Figs. 7 and 8 


ae = transformer secondary current in root-mean-square amperes 
Tae = average load direct current in amperes 

K = circuit form factor 

n = number of cells in series in each arm of rectifier 


Vac = alternating root-mean-square input voltage per secondary winding 
(see diagrams) . 


Vaca = phase-to-phase alternating input voltage for 3-phase full-wave 
bridge 


Vac = average value of direct-current output voltage 


Vp = reverse root-mean-square voltage per plate (rating of rectifier cell) 


SS : 
l 


root-mean-square voltage drop per cell at Ig. (see Fig. 5) 
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Semiconductor rectifiers — continued 
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Fig. 7——Single-phase-rectifier circuits, formulas, and design constants. 


constant | half-wave 


Circuit 
Vae KVae + nAV 
n KVae/ (Vp — AV) 
Resistive Vp Vae/n 
and 
inductive 
loads 
K 2.26 
Toc.ems 1.57 Tas.evg 
n 2KVae/ (Vp — 2AV) 
Battery Vp 2Vae/ n° 
and 
capacitive 
loads 
K 1.0 
Tac,rme 2.3 Tac,avg 


| full-wave center tap | full-wave bridge 


2KVac/ (Vp — 2AV) 


WVae/'n 


1.13 


0.785 Tae ang 


2KVae/ Vp — 2AV) 


WVae/Nn 


KVae + 2nAV 


Vac/n 


1.13 


Isl ] Ves eve 


KVae/ (Vp — 2AV) 


Vae/n 


0.85 


1 65 Ido ave 
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Semiconductor rectifiers — continued 
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Fig. 8—Three-phase-rectifier circuits, formulas, and design constants. For all loads. 


constant | half-wave | full-wave bridge 


Circuit 
Input Vite — KVde oe nAV Vach ad KVde a 2nAV 
n 1.73 KVae/ (Vp — 1.73AV) KVac/ (Vp — 2AV) 
Vp 1.73 Vae/n VaeA/n 
K 0.855 0.74 


Tac,rms 0.577 iPr eks 0.8 ] 6 Vienne 
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Semiconductor rectifiers continued 


Rectifiers for magnetic amplifiers 


Rectifiers used in conjunction with magnetic amplifiers (chapter 13) must 
have low reverse leakage currents to obtain as high a gain as possible with 
a given set of components. Rectifier leakage current behaves like negative 
feedback, thus reducing amplification. Changes in the rectifier operating 
temperature, which result in changes in the reverse leakage current, may 
also result in objectionable unbalances between associated amplifiers. For 
best amplifier performance the reverse leakage of rectifiers for magnetic- 
amplifier applications should be held to approximately 0.2 percent of the 
required forward current. This can be achieved by reducing the operating 
voltage per plate below the normal value. 


Grid-conitrolled gaseous rectifiers 


Grid-controlled rectifiers are used to obtain closely controlled voltages 
and currents. They are commonly used in the power supplies of high-power 
radio transmitters. For low voltages, gas-filled tubes, 
such as argon (those that are unaffected by tem- 
perature changes) are used. For higher voltages, 
mercury-vapor tubes are used to avoid flash-back 
(conduction of current when plate is negative). 
These circuits permit large power to be handled, 
with smooth and stable control of voltage, and 
permit the control of short-circuit currents through 
the load by automatic interruption of the rectifier 
output for a period sufficient to permit short-circuit 
arcs to clear, followed by immediate reapplication 
of voltage. 


plate voltage 


critical grid voltage 


Fig. 9—Critical grid 
voltage versus 
voltage. 


plate 


In a thyratron, the grid has a one- 
way control of conduction, and 
serves to fire the tube at the instant 
that it acquires a critical voltage. 
Relationship of the critical voltage to 
the plate voltage is shown in Fig. 9. 
Once the tube is fired, current flow 
is generally determined by the ex- 
ternal circuit conditions; the grid 


Protective 
resistor 


control 
volfage 


=< 


ne “0 


then has no control, and plate cur- 
rent can be stopped only when the 
plate voltage drops to zero. 


Fig. 10—Basic thyratron circuit. The grid 
voltage has direct- and alternating- 
current components. 
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Grid-controlled gaseous rectifiers continued 
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tube fires 


plate voltage 


variable direct grid 
voltage 


critical grid voltage 


fixed alternating 
grid voltage 


Fig. 11—Control of plate-current conduction period by means of variable direct grid 
voltage. E, lags E, by 90 degrees. 


Basic circuit 


The basic circuit of a thyratron with alternating-current plate and grid 
excitation is shown in Fig. 10. The average plate current may be controlled 
by maintaining 


a. A variable direct grid voltage plus a fixed alternating grid voltage that 
lags the plate voltage by 90 degrees (Fig. 11). 


b. A fixed direct grid voltage plus an alternating grid voltage of variable 
phase (Fig. 12). 


_ | ¥ 


5 Rr GN fixed direct grid 


it <7 f——* voltage 
B 6 


tube fires 


plate voltage 


critical grid voltage 


variable-phase grid 
voltage 


Fig. 12—Control of plate-current conduction period by fixed direct grid voltage (not 
indicated in schematic) and alternating grid voltage of variable phase. Either induc- 
tance-resistance or capacitance-resistance phase-shift networks (A and B, respectively) 
may be used. L may be a variable inductor of the saturable-reactor type. 
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Grid-controlled gaseous rectifiers — continued 


Phase shifting 


The phase of the grid voltage may be shifted with respect to the plate voltage 
by: 


a. Varying the indicated resistor in Fig. 12. 
b. Variation of the inductance of the saturable reactor in Fig. 12. 
c. Varying the capacitor in Fig. 13. 


On multiphase circuits, a phase-shifting transformer may be used. 


phase-shifting network | 


Fig. 13—Full-wave thyratron 
rectifier. The capacitor is the 
variable element in the phase- 
shifting network, and hence 
gives control of output volt- 
age. 


For a stable output with good voltage regulation, it is necessary to use an) 
inductor-input filter in the load circuit. The value of the inductance is critical, 
increasing with the firing angle. The design of the plate-supply transformer . 
of a full-wave circuit (Fig. 13) is the same as that of an ordinary full-wave - 
rectifier, to which the circuit of Fig. 13 is closely similar. Grid-controlled ' 
rectifiers yield larger harmonic output than ordinary rectifier circuits. 


Filters for rectifier circuits 
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Rectifier filters may be classified into three types: 


Inductor input (Fig. 14): Have good voltage regulation, high transformer- 
utilization factor, and low rectifier peak currents, but also give relatively — 
low output voltage. : 


Post. ; 


A 
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Filters for rectifier circuits — continued 


| Current for infinite inductance 


1St section 2nd section 
| current for finite inductance 


E, laoet, | 


rectifier output voltage 
| supply 
cycle 


ne ee 


voltage wave current wave 


load voltage 


Fig. 14—Inductor-input filter. 


Capacitor input (Fig. 15): Have high output voltage, but poor regulation, 
poor transformer-utilization factor, and high peak currents. Used mostly in 
radio receivers. 


R p L Le effective transformer 
- . $ CON driving voltage 

voltage | supply 
across C, cycle 
aa ~ 

Wi Vi 4 

Yel Eel 

voltage waves current wave 


through rectifier 


Y2 X (secondary-winding resistance) 
leakage inductance viewed from 2 secon- 
dary winding 

equivalent resistance of tube JR drop 


Fig. 15—Capacitor-input filter. C; is the input capacitor. 


Resistor input (Fig. 16): Used for low-current applications. 


Design of inductor-input filters 


The constants of the first section 
(Fig. 14) are determined from the 
following considerations: 


a. There must be sufficient induc- 
tance to insure continuous opera- Fig. 16—Resistor-input filter. 

tion of rectifiers and good voltage 

regulation. Increasing this critical value of inductance by a 25-percent 
\safety factor, the minimum value becomes 
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Filters for rectifier circuits continued 
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eae R; henries (1) 


| AN 


where 
f, = frequency of source in cycles/second 


R; = maximum value of total load resistance in ohms 


K 


0.060 for full-wave single-phase circuits 
= 0.0057 for full-wave two-phase circuits 
= 0.0017 for full-wave three-phase circuits 
At 60 cycles, single-phase full-wave, ; 
Linn = R;/1000 henries | (1A) 


b. The LC product must exceed a certain minimum, to insure a required 
ripple factor 


ee ave! 10 K’ 


ple $Gr La (2) 
Edintint te RP Cr SAG 


where, except for single-phase half-wave, 

p = effective number of phases of rectifier 

E, = root-mean-square ripple voltage appearing across Cy 
Ege = direct-current voltage on Cy 


L, is in henries and Cy in microfarads. 


For single-phase full-wave, p = 2 and 


0.83 /60\? 
amie “ 
For three-phase, full-wave, p = 6 and 
r = (0.0079/L1Cy) (60/f.)? (2B) 


Equations (1) and (2) define the constants Ly and C; of the filter, in terms 
of the load resistor R; and allowable ripple factor r. 
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Swinging chokes: Swinging chokes have inductances that vary with the 
load current. When the load resistance varies through a wide range, a 
swinging choke, with a bleeder resistor Rp (10,000 to 20,000 ohms) connected 
across the filter output, is used to guarantee efficient operation; i.e., 
Linin = Ry’/1000 for all loads, where Rj’ = (R)Rs) /(R; + R,). Swinging 
chokes are economical due to their smaller relative size, and result in 
adequate filtering in many cases. 


Second section: For further reduction of ripple voltage E,1, a smoothing 
section (Fig. 14) may be added, and will result in output ripple voltage E,»: 


where f, = ripple frequency 


Design of capacitor-input filters 


The constants of the input capacitor (Fig. 15) are determined from: 


a. Degree of filtering required. 


me VO" 0.00188 (2) és 


Meee, 27f-GR, GR, \ ft, 


Where CyR; is in microfarads X megohms, or farads & ohms. 


b. A maximum-allowable C; so as not to exceed the maximum allowable 
\peak-current rating of the rectifier. 


Unlike the inductor-input filter, the source impedance (transformer and 
rectifier) affects output direct-current and ripple voltages, and the peak 
currents. The equivalent network is shown in Fig. 15. 


Neglecting leakage inductance, the peak output ripple voltage E,1 (across 
the capacitor) and the peak plate current for varying effective load re- 
sistance are given in Fig. 17. If the load current is small, there may be no need 
fo add the L-section consisting of an inductor and a second capacitor. 
jOtherwise, with the completion of an LeCz or RC2 section (Fig. 15), greater 
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Filters for rectifier circuits continued 
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filtering is obtained, the peak output-ripple voltage E,2 being given by (3) 
or 


E,2/ Er = 1/aRCe (5) 


respectively. 


peak plate current 
d-c load current 


0.5 


0.4 


03 St by 


SEN 
SBS EL 
ee ati ee as 


eel | tal 


0.2 


crest 120-cycle ripple voltage 
direct-current output voltage 


Pee: t SSS 
ub [ul AV, ES imine 
ol PS esl eae Seo : 
1000 2000 5000 10000 20000 40006 


effective load resistance = actual load resistance plus filter-choke resistance in ohms 


Reprinted from ‘‘Radio Engineers Handbook" by F. E. Terman, pik { 
Ist ed., p. 672, 1943; by permission, McGraw-Hill Book Co., N. Y. R = Rs + Rr (see Fig. 15} 


input capacitance = © ° 


Fig. 17—Performance of capacitor-input filter oes 
for 60-cycle full-wave rectifier, assuming H 
negligible leakage-inductance effect. es = Aut 
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When the current in an inductive circuit is suddenly interrupted, the resulting 
surge can have several undesirable effects: 


a. Contact arcing, producing deterioration that eventually results in circuit 
failure due to mechanical locking or snagging, or to high contact resistance. 


b. High-voltage transients resulting in insulation breakdown. 
c. Wide-band electrical interference. 


One method of suppressing surges is to shunt a selenium rectifier across 
the inductor as shown in Figs. 18 and 19. 


A 
—— 
Cid 
Fig. 18—Conventional method of using Fig. 19—Method of improving the re- 
the selenium rectifier as a spark sup- lease time by adding a second rectifier. 


pressor. 


The rectifier in Fig. 18 appreciably lengthens the release time (as when the 
electromagnet is a relay coil). By connecting the rectifier across the contact 
A instead of across the coil, a release time only slightly lengthened is secured. 
This, however, is usually a less desirable connection, especially when there 
are several contacts controlling the same coil. Also, when contact A is 
Open, a small reverse current flows, of the order of 0.5 milliampere. The 
system of Fig. 18 is applicable to direct-current circuits only. 


The system of Fig. 19 gives good protection with only a small lengthening 
of the release time over that when no protection is used. It is applicable to 
both alternating and direct-current circuits. When contact A is closed, 
‘rectifier 1 blocks current flow from the battery. Upon opening contact A, 
the reverse-resistance characteristic of rectifier 2 comes into play. It is 
high at low voltages and decreases as the voltage is increased, The voltage 
rise due to the inductive surge is thus limited to a value insufficient to 


*H. F. Herbig and J. D. Winters, “Investigation of the Selenium Rectifier for Contact Pro- 
tection,” Transactions of the American Institute of Electrical Engineers, vol. 70, part 2, pp. 1919- 
1923; 1951: Also, Electrical Communication, vol. 30, pp. 96-105; June, 1953. 
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Surge suppression and contact protection continued 
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cause arcing at the contact. However, the inductor is not immediately 
short-circuited, so the current decays rapidly. 


Typical performance data are shown in Fig. 20. For comparison, data are 
included for cases where a capacitor with series resistor is shunted across 


the coil; also for a silicon-carbide varistor in place of the rectifier shown in 
hige is: 


Fig. 20—Peak voltages and release times for electromagnets with different contact protections.” 


telephone clutch magnet telephone relay 
L = 0.485 henry L = 3.45 henries 
R = 164 ohms R = 1650 ohms 
I = 0.293 ampere I = 0.029 ampere 
release peak release peak 
time in voltage time in voltage 
milli- at milli- at 
contact protection seconds contact seconds contact 
Three 9/32-inch-diameter cells (Figure 18) 4.0 83 55.0 S57 
Two 9/32-inch-diameter cells (Figure 19) T 1.3 180 12.0 150 
Three l-inch square cells (Figure 19)f 1.3 ive 10.9 169 
Silicon-carbide varistor 1.3 210 12.8 140 
0.5 microfarad + 510 ohms — arcing 10.9 160 
0.1 microfarad + 510 ohms _— arcing VA, 259 
Unprotected 1.0 400 to 900 7.6 450 to 750 


* Courtesy of Transactions of the AIEE. 
} For each rectifier, 1 and 2. 
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@ Magnetic amplifiers 


Elementary theory 


The simple magnetic amplifiers of Figs. IA and 1B consist of an iron-core 
reactor T with windings 1—2 and 3-4, an inductor L, and a load resistor 
Ri. Ep is the power supply, which must be an alternating voltage; E¢.ac is the 
control voltage; Jc,ae is the control current; and J; is the load current. In 
Fig. 1B, rectifier RE permits unidirectional J; to flow only during half-cycles 
of E,. The practical magnetic amplifier of Fig. 1C uses two separate reactors 
T; and T> to secure fullwave Jj. The intermittent flow of J; induces voltages 
in the control windings and the inductor restricts flow of resulting alternating 
current in the control circuit. Amplification occurs because relatively small 
variations in E..ae Or Le,ae Cause larger changes of E; or hh. 


‘ te, det 


t Ej, ot 


C. Full-wave self-saturating. 


Fig. 1—Simple magnetic-amplifier circuits. In A and B, symbol N = number of turns on 
the reactors. In the circuits, arrows and + signs indicate instantaneous directions. 


Referring to Fig. 1A, when Ez,ae is zero, the inductive impedance of winding 
]-2 is much greater than R; and most of Ey appears across ]—2. When 
Eee increases until [-,ae magnetically saturates the core, no further change 
of flux can occur. Since an inductive voltage drop occurs only where 
there is change in flux, only a small voltage drop then occurs across the 
resistance of 1—2 and practically all of E, appears across R}. 
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Elementary theory continued 


In Fig. 1B, assume Ez,ae to be zero and assume the core material of T to 
have a hysteresis loop similar to Fig. 2A. During part of each positive 
half-cycle of E,, current flows in 1—2 and the flux density in T rises to 
+Bmaz. Winding 1-2 now offers only a low impedance and {; is limited 
only by R;. During the negative half-cycle, the flux density returns to +B,. 


qQ | je) 
N ) 
= og 
= = 
Cc Cc 
S 3 
Pad x 
3 =) 
= = 
magnetizing force =H magnetizing force=H 
A. Conventional core material. B. Magnetic-amplifier core. 


Fig. 2—Hysteresis loops for magnetic core materials. 


If now some value of Ea. is applied in Fig. 1B, resulting in sufficient ampere— 
turns to produce +Hmaz, the core becomes saturated. During negative 
half-cycles, current in 1—2 is blocked by RE and the iron remains saturated. 
Thus, no change in flux can occur and winding I]—2 absorbs only a small 
voltage due to its resistance. Maximum possible [; flows through Rj. 


If Ie.ae is in the direction of and of a magnitude corresponding to —Hmaz 
while the flow of f in I—2 during positive half-cycles is sufficient to over- 
come this and to saturate the core in the opposite direction, then flux 
density varies from —Bmaz to +Bmaz. Then maximum voltage drop occurs 
across T and minimum current flows through R). 


The ampere-turns needed for control depend on the B-H characteristic 
of the iron, assuming an ideal rectifier. Smaller Hmaz values require less 
control current. Hmaz is usually made as small as possible by employing 
gapless toroidal cores wound of thin tape made from high-nickel-content 
alloys or from grain-oriented steels. Hysteresis loops of such cores have 
quasirectangular shapes as in Fig. 2B. In reactors using these materials, 
maximum J; will flow even when E,,ae is zero. To secure control, Jc,a¢ must 
produce magnetizing forces between —Hmin and —Hmaz. In practice, 
rectifier RE has some reverse leakage and an increase in the ideal control 

current is needed to overcome this. | 
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When I.,ae is such that it produces a magnetizing force in the control range 
between —Hmaz and —Hmin in Fig. 2B, a rapid transition of the magnetic 
state of the iron from partial desaturation to saturation occurs during each 
positive half-cycle of E,. The reactor ceases to provide counter-electro- 
motive force very suddenly, since the change in flux stops abruptly as Bar 
is reached. At this instant, the full voltage and current appear on the load 
and continue for the remaining portion of the half-cycle. The action is 
similar to that of a thyratron tube. The time at which the transition occurs is 
called the firing point or firing angle and is expressed in degrees of a cycle. 
The firing point depends upon J, a. 


In straight saturating amplifiers, illustrated in their simplest form by Fig. 1A, 
the ampere-—turns of the control winding must be equal to the ampere—turns 
of the output winding. Such amplifiers act as constant-current generators 
and the voltage across the load depends on its impedance. Output current 
is controlled by I¢,ac. 


The more-common self-saturating amplifiers, illustrated by Figs. 1B and 1C 
act as constant-voltage generators. Voltage across the load is virtually 
independent of load impedance. Output voltage is controlled by Je,ae. 


Control curves 
TTT EES AUT OTE 


A typical curve of output load voltage E; against signal current Ja for 
a self-saturating magnetic amplifier using nickel-alloy cores is shown in 
Fig. 3A. The solid curve is for an amplifier with ideal rectifiers while the 


output voltage E) 
oN 
output voltage E; 


1 A 8B B'O I A O B 
¢, de c,dc 


A. For nickel-iron alloy. B. For transformer-type steel. 

Fig. 3—Typical control curves for different core materials. 

dashed curves are for practical amplifiers using rectifiers having appreciable 
leakage. 


Control generally occurs when J-,¢e has a value between AO and BO on 
this curve. The difference AB should be as small as possible for maximum 
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Control curves continued 
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sensitivity. Values of OB and AB for typical cores are listed in Fig. 4. The 
values are nearly independent of core dimensions for toroidal cores smaller 
than 2 to 3 inches outside diameter. 


To obtain control in the region AB, the relative directions of the mag- 
netizing forces due to the control and load windings must be as indicated 
by the arrows in Fig. IC. 


To the left of point A, the control curve for amplifiers operating at low 
frequencies, such as 60 cycles/second, slopes slightly upward as shown in 
Fig. 3. At higher frequencies such as 400 cycles/second, there is a greater 
upward slope to the left. 


Fig. 4——-Characteristics of cores for magnetic amplifiers. For toroidal cores up to 3 inches 
outside diameter for groups A and B and up fo 2 inches for groups C and D materials,” 


group A group B group C group D 
Deltamax 
Hipernik V HY-MU-80 
Hypersil Orthonic 4-79 Mo 
control range Magnesil Orthonol Permalloy 
and flux Silectron Permeron Squaremu Supermalloy 

OB (bias) in 
milliampere—turns 1,000 to 2,500 500 to 1,500 _ 100 to 150 50 to 80 
(Fig. 3A) 

AB (signal) in 
milliampere—turns 750 to 1,500 500 to 1,000 80 to 200 50 to 80 
(Fig. 3A) 

Saturation flux 
density 18,000 to 20,000 | 13,500 to 15,500} 7,000 to 8,000 6,800 to 7,800 — 


in gausses 


* See pp. 276-277 for other similar materials. 


To the right of point A, the voltage across the load is practically independent 
of load impedance and is determined by signal ampere—turns and the core 
material. It is generally not desirable to operate self-saturating amplifiers 
in the region to the left of point A, since their characteristics then become 
similar to straight saturating amplifiers, i.e, ampere—turns of the output 
winding approximates the ampere—turns of the control winding on this 
portion of the curve. | 


Fig. 3B is a typical control curve for a magnetic amplifier using cores of 
grain-oriented or transformer-grade steel laminations. When using reactors 
of transformer steel, rectifier leakage usually may be disregarded. In large 
magnetic-amplifier cores including gaps, AB is about 5 ampere—turns/inch 
of magnetic path for grain-oriented steels and up to 10 ampere-—turns/inch 
for lower grades of transformer steel. : 


aaa 
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Bias winding 


When the control curve of the magnetic amplifier is similar to the full line 
of Fig. 3A, energy required from the control source can be reduced by 
biasing the amplifier to point B. The full signal can then be used to produce 
changes in J.,ae from point B to point A in the control region. A separate 
direct-current bias winding capable of producing the OB ampere-—turns 
(listed in Fig. 4 for small cores) is used for this purpose. 


Due to rectifier leakage or due to the shape of the hysteresis loop of the 
core material, point B may fall on the zero axis or to the right of zero as 
shown by the lower dashed line in Fig. 3A. In such cases, the bias winding 
may be omitted, or it may be retained if available J..a- or Ec,ae does not have 
the magnitude and polarity needed for operation at the desired initial 
point on the hysteresis loop. ° 


Control inductor 


Referring to Fig. 1C, while one core is firing, the other is desaturating due 
to the action of the control current. The voltages induced in the control 
windings by these two actions oppose each’other. Theoretically, the voltages 
would be equal and opposite if the signal source had zero impedance and 
the cores and rectifiers were perfectly matched. In practice, the net voltage 
induced in the control windings is a function of the impedance of the signal 
source, of the control point at which the amplifier is operating, and of the 
mismatch of cores and rectifiers. 


For design purposes, it may be assumed that the maximum total induced 
voltage will not exceed the voltage that would be induced in one core 
alone. The frequency of this voltage is equal to the power-supply frequency 
for half-wave amplifiers like Fig. 1B and to twice the power-supply frequency 
for full-wave amplifiers like Fig. 1C and Fig. 5. 


It is good practice to put an inductor L in series with the control winding. 
If this choke is omitted, additional control ampere—turns may be required 
to offset alternating current circulating in the control circuit. 


Direct-current loads 

The circuits of Figs. 5A, B, or C may be used for direct-current loads. If 
Exac is the required voltage across the load, the required Ey will depend 
partially on the forward voltage drop through the rectifiers. Power-supply 
voltage may be approximated for design purposes as in Fig. 6. 
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Direct-current loads continued 


The peak inverse voltage across the rectifiers is also given in Fig. 6. The 
lower reverse leakage of Fig. 5C permits higher gains with this circuit, but 
the speed of response of Fig. 5C is less than that of Fig. 5A. 


eh 


O E,:..©0 O 
med oie ted c,dc 


A. Full-wave bridge circuit. 


CE bias OF c,acO 


B. Center-tapped full-wave circuit. 


Fig. 5—Practical magnetic-amplifier circuits for direct-current output. Polarity of E.,d 
depends on value of [i ics. 
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Direct-current loads = continued 


EviasO OF c,aeO 


C. Like Fig. 1C, with bridge rectifier RE3. 


Fig. 5—Continued. 


Fig. 6—Required supply voltage and inverse rectifier voltage for circuits of Fig. 5. 


circuit, | E, using E, using germanium peak inverse voltage 
Fig. 5 | selenium rectifiers or silicon diodes across recfifiers RE, > 
A odes PAE 1.4 Ep 
B cl ten, Roi fra: 1.4 Ep 
GC M78 E Lae 136° Eq.as 0:5 Es 


Fig. 7 is a 3-phase amplifier with direct-current output. Six separate reactors 
are used. The bias windings have been omitted in the figure. This circuit 
may produce ripple Fi,ae across the load as high as 0.3 Ejac. Frequency of 
the induced voltage across inductor L is 6 times the supply frequency. 
Output turns required on each reactor can be calculated by assuming a 
voltage across the reactor of E,/(3)!/*. Control ampere-turns required in 
a 3-phase amplifier are higher than in a single-phase amplifier partly 
because the inverse voltage across the rectifiers is higher for a longer 
portion of each cycle and the effect of rectifier leakage is thus more pro- 
nounced. The control curve of the Fig. 7 amplifier with selenium rectifiers is 
similar to that of Fig. 3B. Using cores of group-B materials Fig. 4, AO would 
be approximately 2 to 3 ampere—turns and OB would be between 1 and 7 
ampere—turns. 
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Direct-current loads continued 
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Fig. 7—Three-phase bridge magnetic amplifier. 


Two-stage amplifiers 


Fig. 8 shows a two-stage amplifier with direct-current output. This circuit 
is useful where small control signals are available and high outputs are 
required. Cores of the first stage may be made of materials listed under 


Fig. 8—Two-stage magnetic amplifier. The bias circuit is omitted for simplicity. 


Two-stage amplifiers continued 


groups C or D in Fig. 4, while 


cores of the second stage are u> 


generally of group-A or -B 
materials. Inductor Le has the 
same function asL, and, in addi- 
tion, it prevents alternating cur- 
rents induced in control wind- 
ings of the second stage from 
flowing through rectifiers RE; to 
RE,, thereby causing unwanted 
direct currents in the control 
windings of the second stage 
and the output windings of the 
first stage. 


Fig. 9 is a push-pull amplifier 
driving a single stage. If well 
designed and if the preampli- 
fier push-pull stage uses group- 
D core material, the power 
stage can be driven to full 
output with the application of 
10 milliampere—turns of signal 
at the preamplifier. In this 
balanced circuit, E.,¢- may 
assume either polarity. 
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Fig. 9—Push-pull magnetic amplifier driving a single-stage magnetic amplifier. The bias circuits are not shown. 
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AC control signal 


a= 


output voltage=E, 4 


control voltage = E and 
g , c,ac £ ty “y_ 
control current = To,0¢ (-) u oc (+) 


Fig. 10—Magnetic amplifier controlled by alternating-current signal. The operating char- 
acteristic of the circuit is also given. 


Fig. 10 is the basic circuit of 
a magnetic amplifier con- 
trolled by an alternating- 
current signal. Control and 
supply voltages are of the 
same frequency and_ their 
phase relationship must be 
as shown in the figure. The 
+ and — signs indicate rela- 
tive instantaneous polarities 
of the two waves. 


The relationship between the 
output voltage E;,4-, control 
voltage E,ae, and control 
current I,ae is shown in Fig. = 
10. With no voltage applied 
to the control winding, the 
amplifier operates at maxi- 
mum, output. When a signal 
is applied, the output is re- 
duced as indicated. 


Fig. 11—Amplifiers with alternat- 
ing-current control and direct-cur- ange, A Me : ~y 
rent output are shown at the right. 8+ Center-tap rectification of output. EY dc 
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AC control signal continued 


The basic circuit of Fig. 10 can be modified for direct-current output as 
shown in Figs. 11A and B. The response times 7 of the three amplifiers are: 
For Fig. 10,1 < 7 < 4 cycles, for Fig. 11A,0.5 < + < 2 cycles, and for 
Fig. 11B,0.5 < r < 1 cycle. 


The poor response time of Fig. 10 is due to circulating currents that may 
occur in the reactors-and-rectifiers circuit indicated by the dashed oval. 
Any circulating currents in Figs. 11A and B must flow through the load 
impedance and they are thus minimized. 


Combination transistor—-magnetic amplifiers 


To control a magnetic amplifier with an alternating-current signal, the signal 
must be strong enough to change the flux of the core completely during a 
half-cycle of the power-supply voltage. When the available signal is too 
small, a transistor preamplifier may be used. 


Figs. 12 and 13 show two methods of coupling transistors to magnetic 
amplifiers. Instead of the single-stage transistor amplifiers shown, there may 
be several transistor stages in cascade. 


In Fig. 12, an Ec,ac of power-line frequency is impressed on a single-ended 
transistor circuit. The transistor is biased on the emitter electrode to act 
as a class-A amplifier and its output is coupled to the magnetic amplifier 
by the inductor L and capacitor C. The control signal of the magnetic amplifier 
is then the amplified version of the Ez,ae signal received by the transistor. 


L 


ene 
ne 


<i 


Ry 


*te, 33* 


Fig. 12—Transistor coupled to alternating-current-controlled magnetic amplifier. 
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Combination transistor-magnetic amplifiers 


Output of the magnetic ampli- 
fier is dependent on phase 
and amplitude of the output of 
the transistor and thus of the 
initial signal. 


In Fig. 13, the transistor stage 
has a_ push-pull output that 
feeds a double-ended diode 
phase discriminator (demodu- 
lator). Alternatively, conven- 
tional ring demodulators or 
transistor demodulators* might 
be used to secure control 
direct current for this type of 
magnetic amplifier. Output of 
‘the magnetic amplifier will de- 
yoend on both the phase and 
amplitude of the initial signal. 


When very-low-level direct- 
current signals have to be 
used, a mechanical vibrator or 
diode chopper or transistor 
chopperf may be employed to 
convert the direct into alter- 
nating current. The resulting 
E..ac is passed through a tran- 
sistor stage to drive the mag- 
netic amplifier. 


*R. O. Decker, "Transistor Demodu- 
lator for High-Performance Magnetic 
Amplifiers in A-C Servo Applications,” 
Communication and Electronics, no. 17, 
pp. 121-123; March, 1955. 


TA. P. Kruper, “Switching Transistors 
Used as a Substitute for Mechanical 
Low-Level Choppers,"’ Communication 
and Electronics, no. 17, pp. 141-144; 
March, 1955. 


magnetic amplifier. The bias circuit is not chown. | 


_ Fig. 13—Push-pull transistors coupled to direct-current-controlled 


Feedback 
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Control curves of standa,d magnetic amplifiers as shown in Fig. 3 are 


generally not linear. If a 
linear relationship be- 
tween signal current and 
load current or voltage is 
desired, negative feed- 
back must be used. Fig. 14 
shows typical feedback 
circuits. It is desirable to 
use an inductor in series 
with the feedback winding 
as indicated. 


Note that the direction of 
I, has been reversed; 
since the feedback has a 
polarity such that it tends 
to reduce the output. 


To illustrate the design of 
a feedback circuit, as- 
sume that the control curve 
of an amplifier without 
feedback is shown by the 
solid curve of Fig. 3A and 
that 1 ampere-turn of 
control current is needed 
for full output. Further, as- 
sume that the maximum 
departure of this control 
curve from a straight line 
is 0.5 ampere—turn while 
the desired linearity should 
be better than 10 percent. 
The intrinsic nonlinearity 
cannot be changed since 
it is dependent principally 


A. Current feedback. 


Ende 


+ 
B. Voltage feedback. Ey de 


Fig. 14—Circuits employing negative feedback for 
improving linearity of control curve. 


on the core material. However, if control ampere—turns can be increased 
to 5 while keeping the nonlinearity at 0.5 ampere—turn, the desired result 
will be achieved. The feedback winding in this case would be designed to 
produce 5 ampere-turns in the negative direction when the amplifier gives 
full output. Since these negative ampere-—turns must be counteracted by 
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Feedback — continued 


the control current, a signal of approximately 5 ampere—turns is now 
required for full output. 


Volts per turn 


Voltage/turn of winding is a function of Bmaz and the cross-sectional area 
of the core. It may be expressed as follows for toroidal cores: 
Millivolts/turn =-(D>-—D:-H Ki Ke 

2 A; Ki Ke 

a= 0.4 Ac Ky Ko 


where 


Ae = cross-sectional area* of core in centimeters? 


A; = cross-sectional area of core in inches? 


* In the equations there is an apparent discrepancy between areas in square inches and square 
centimeters. Cross-sectional areas in square inches are [(D, — D,) /2] X H. The housing is ex- 


cluded but the space occupied by insulating coatings between turns of the iron tape is included in 
‘square-inch areas. Cross-sectional areas in square centimeters are actual net iron areas and ~ 


‘include a stacking factor of approximately 80 percent. This different method of computing | 
‘square inches and square centimeters is followed in most commercial catalogs of cores. 
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Fig. 15—Approximate induced voltage /winding-turn for toroidal cores. 
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Volts per turn continued 


D; = inside diameter in inches of core having a rectangular section 


Oo 
° 
I 


outside diameter in inches of core having a rectangular section 
H = height in inches of core having a rectangular section 
K, = 136 for group-A core materials (Fig. 4) 

= 111 for group-B core materials (Fig. 4) 


= 50 for group-C core materials (Fig. 4) 


40 for group-D core materials (Fig. 4) 
Ko = 1.0 for 60 cycles/second 
= 67 for 400 cycles/second 


The relationships are plotted in Fig. 15. 


Design procedure 


The following pertains to a single-stage full-wave self-saturating magnetic 
amplifier using toroidal cores in circuits similar to Fig. 1C for alternating- 
current output or to Fig. 5A for direct-current output. The same procedures 
can be used to design each part of more-complex circuits. 


a. Choose a supply voltage approximately 1.2 Exo. or from 1.4 to 1.6 Ei ae 
see “Direct-current loads” above. 


If there is any choice of frequency, choose the highest available power- 
supply frequency. 


b. Make a preliminary selection of core material. If P, is the power available 
from the signal source, materials listed in Fig. 4 may be chosen for toroidal 
cores as follows: 


For P, > 100 milliwatts, use group-A materials 
For 100 milliwatts > P, > 1 milliwatt, use group-B materials 
For 1 milliwatt > P, > 0.01 milliwatt, use group-C materials 
For 0.01 milliwatt > P, use group-D materials 


The choice will depend to some extent on the required response time. For 
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Design procedure continued 
ERE I 


equal gains and outputs, the response time becomes progressively shorter 
from group-A to group-D materials. 


c. Determine the P; that the load will absorb and the power range over 
which the load will have to be controlled. Use these data to make a pre- 
liminary choice of core size. The following empirical relationship is an aid 
to choice. 


0.5 X Py X 10° 
Bima ont 


D2? XK A; = 


D; = inside diameter of toroidal core in inches 
A; = cross-sectional area of core in inches? 
P, = load in watts 

Bmar = saturation flux density in gausses (Fig. 4) 


f = supply frequency in cycles/second 


Another aid is the fact that a core with D; = 2 inches, D, = 2.5 inches, 
and H = 0.5 inch, of group-B material, is good for 8-watts output at 60 


cycles/second. Output is approximately proportional to volume of the - 


core, to frequency, and to Bmaz. 


These relationships are rough guides only and final selection may be a | 


core differing by a factor of as much as 2 or 3 from these rules. If the” 


designer has experience with amplifiers somewhat similar to the one to be 
designed, it is preferable to rely on the experience rather than on these. 


empirical rules in selecting core sizes. 


d. Toroidal cores for magnetic amplifiers are a commercial product. If 
ready-made cores are to be used, consult manufacturers catalogs a | 


choose a core with parameters close to those estimated in (b) and (cl. 


Most commercial cores have molded housings. Note the inside diamelan| 


and clear inside area of the housing. 


e. From the table on p. 51 select a wire size for the output winding on the | 
basis of 1 circular mil/milliampere. In full-wave circuits, take the roof 
mean-square current in the output winding of each reactor as 0.707 X laver- 


| 
| 


age I). 


at 


j 
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Design procedure continued 
SRSA NAS A TOTO 


f. Determine millivolts/turn from Fig. 15 and calculate the number of Output 
turns. Increase the calculated turns by 10 percent for safety. 


g. From the tables on p. 114 and p. 278, calculate cross-sectional area of 
output winding. Increase this area by 75 percent to provide for control 
and bias windings, insulation, winding clearances, etc. To the estimated 
area of all windings, add the clearance hole for the shuttle of the winding 
machine. (Shuttle rings vary in thickness from 1/4 inch for small cores with 
small wire to 1 inch for the larger core and wire sizes.) 


The total required area obtained in this way should be checked against 
the clear inside area of the core. If there is not sufficient space, select 
another core. 


h. Select rectifiers on the basis of load current, forward voltage drop, 
reverse leakage, and mechanical mounting arrangements. 


i. Rectifier reverse leakage current in percent of J; may be estimated as 
follows: 


0.25 to 1.0 percent for selenium rectifiers operating at their full rated inverse 
voltage (26 to 36 volts/plate, depending on type of plate). 


0.10 to 0.25 percent for selenium rectifiers with extra plates or at reduced 
voltage so that inverse voltage does not exceed 10 to 15 volts/plate. 


0.1 to 0.5 percent for germanium diodes, depending on type and inverse 
voltage. 


0.01 to 0.10 percent for silicon diodes. 


J. Calculate leakage ampere-turns due to the output winding by multiplying 
the leakage current of (i) by the turns of (f). From Fig. 4, obtain the control 
ampere-turns AB required on the assumption of perfect rectifiers. Add the 
two figures to obtain total control ampere—turns required (AB in Fig. 3). 


k. Knowing the J,,a- that the signal source is capable of supplying, calculate 
the turns on the control winding and select the wire size. 


I. Calculate the resistance of the control winding and check that the signal 
source can produce the required control current through both reactors 
in series. If not, select a core requiring less control ampere-turns or 
secure rectifiers of lower leakage. 


m. Design the bias winding. It should be capable of at least the OB ampere— 
turns shown in Fig. 4. Number of turns will depend on the current that 
the bias source is capable of delivering. 
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Design procedure continued 
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n. Calculate the voltages induced in the control and bias windings by 
multiplying the number of turns of the respective windings by the volts/turn 
Ouro. lo. 


©. Calculate the maximum alternating-current component to be permitted in 
the control and bias circuits as 30 percent of the respective direct currents. 


p. On the assumption that control and bias sources and windings offer 
negligible impedance to the induced voltage, compute the inductance of 
chokes to be used in series with the signal and bias windings to limit the 
current to the value of (o) above when an assumed voltage of one coil 
per (n) above is applied at twice the supply frequency. 


Sample design 


An Exac is to be controlled from zero to 18 volts with an Tiac between 
0 and 30 milliamperes. The available E..4, varies from zero to 0.25 volt at 
zero to 400 microamperes. Power supply of 60 cycles/second is available. 


A circuit similar to Fig. 5A is chosen and E, of 1.4 X 18 = 25 volts is assumed. 
Maximum available P, is 0.1 milliwatt and group-C core material is selected. 
Cores with D; = 1, Do = 13 and H = 4 (inch) are selected from a manu- 
facturers catalog. Iron cross-sectional area of each core is 0.047 inch. 
From Fig. 15, induced voltage is approximately 4.7 millivolts/turn. The 
catalog shows the inside diameter of the housing of these cores as 0.93 
inch, which provides a winding space of 0.67 inch?. 


Effective load current in each reactor is 0.707 K 30 = 21 milliamperes. A” 
suitable wire size for the output winding is 37 AWG with a copper cross- | 
section of 19.8 circular mils. The output windings require 25/0.0047 = 5300 
turns. + 


Peak inverse voltage across the rectifiers is 1.4 X 25 = 35 and forward 
current is 21 milliamperes/rectifier. Germanium diodes type IN54 are 
specified for the rectifiers. Reverse leakage current is estimated at approxi- 
mately (0.1 percent) X (21 milliamperes) ~ 20 microamperes. ; 


Leakage ampere—turns = 20 X 10°® X 5300 = 100 milliampere—turns. 


Fig. 4 indicates that the reactor can be controlled with about 140 milli- 
ampere—turns. Control windings of 100 + 140 = 240 milliampere—turns are. 
therefore required. Since 400 microamperes are available from the source, , 
600 turns are needed on each control winding. | 
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Sample design = continued 


Estimating 13 inches of wire/turn, total length of each control winding is 
75 feet. Permissible resistance of the control winding on each reactor is 
(0.5) X (0.25/400) & 10~§ = 310 ohms. Since 75 feet of 37 AWG wire has 
a resistance of only 39 ohms, this size may be used for both control and 
output windings. 


The leakage of 100 milliampere—turns is about the same as the value OB 
for group-C cores shown in Fig. 4. Therefore, a bias winding will be omitted. 
(lf a bias winding were used, 150 turns with a current of 1 milliampere 
would be sufficient.) 


Using 37 AWG wire for both windings, we have 5900 turns on each core. 
Double-formvar-insulated 37 AWG wire has a diameter 0.0054 inch and a 
space factor of 0.87 as shown on p. 278. Inside diameter 0.93 inch of the 
core housing will permit approximately m X 0.93 X (0.87/0.0054) = 500 
close-wound turns on the first layer and less on the remaining layers. There 
will be at least 12 layers of winding having a total thickness of about 
12 X (0.0054/0.87), say, 0.10 inch. Area remaining for the shuttle of the 
winding machine is (7/4) (0.93 —2 X 0.10)2 = 0.42 inch? which is sufficient. 


The induced voltage in each control winding will be (600 turns) X (4.7 milli- 
volts) = 2.8 volts. This voltage at 120 cycles/second will be applied across 
the inductor in series with the control supply. Permissible alternating current 
in the control circuit is 0.3 X 400 = 120 microamperes. Impedance required 
in the inductor is 2.8/(120 X 107® = 23,500 ohms. At 120 cycles/second, 
the inductor should have a reactance of 31 henries. 


Calculation of response time 
a TS EE ET NS RED 


Speed of response 7+ is defined as the time necessary for a magnetic 
amplifier to reach 63 percent of ultimate output upon application of a step 
signal voltage in the control circuit. It includes the time required to change 
the flux in the control-circuit inductor. Response is fairly independent of the 
‘number of turns on the output windings. It depends only upon the number of 
turns N, of the control winding, the type and cross-section of the care, and 
the voltage E, available from the signal source. 


Response time in cycles can be approximated from the following empirical 
formula. It yields results which may be in error by +50 percent. 
N. X (volts/turn) 
Te 
Ze. 


Volts/turn may be obtained from Fig. 15. 
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Calculation of response time continued 


For example, the response time of the amplifier in the above sample design 
would be: 


600 X 4.7 X 103 


Te 2X 025 = 6 cycles 


With 60-cycle/second supply, this would be 0.10 second. 


Practical considerations 


In amplifiers using two or more cores and rectifiers, the components should 
be carefully matched. If this is not done, J, requirements may be 50-percent 
higher than estimated. 


For high-sensitivity amplifiers with moderate output, toroidal cores should 

not be larger than D, = 2 to 3 inches. If selenium rectifiers are used, the 
number of turns on the output winding should be held to a maximum of 3500 
and the rectifiers should have enough plates so that inverse voltage/plate 
will not exceed 10 to 15 volts. If germanium diodes with high leakage 
resistance such as types IN54, IN67, or IN81 are used, the number of 
output turns may be increased to 7000. 


For highest sensitivity, amplifiers should be equipped with cores of group-C 
or group-D materials listed in Fig. 4. Silicon-diode rectifiers having a reverse 
leakage of a few microamperes and relatively high inverse-voltage ratings 
should be used with such cores. The number of turns on the output winding 
should not exceed 10,000 in this case for 60-cycle operation or 2500 for 
400-cycle operation because of intrawinding capacitance effects. 


E,/I, of high-sensitivity amplifiers may change by from 2 to 10 percent 
during their lifetime. This should be anticipated in the design. 


For alternating-current-controlled amplifiers, optimum design usually con- 
sists in employing as thin and narrow a core as possible because the smaller 
the core cross-section, the lower the required signal. 


Triggering 


This phenomena occurs quite often in high-performance amplifiers having 
very-low-leakage rectifiers. Referring to the control curve in Fig. 16A, the 
action is as follows: when J, increases in the negative direction, the amplifier — 
cuts off at point A; then when J, decreases, the amplifier remains at cutoff — 
up to point R, where the output suddenly shoots up to point $. The amplifier 
can be cut off again along the line SA. The area enclosed by SAR is the — 
triggering region. 
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Practical considerations continued 
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Triggering may be used to advantage in certain bistable switching circuits, 
but it is usually undesirable. The simplest way to minimize the phenomena 
is to use rectifiers with more leakage or to shunt a resistor across the 
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Fig. 16—The effect of triggering on magnetic amplifier output. Capacitor C across the rec- 
tiflers prevents triggering. 


rectifiers, but both these cures reduce the gain of the amplifier. Triggering 
can be eliminated without diminishing amplifier gain by placing a capacitor 
C across RE; and RE» as shown in Fig. 16B. In general, the size of C cannot 
be predetermined. Minimum C is desirable for least response time and the 
value can be determined experimentally by starting with about 1 microfarad 
and substituting smaller values until triggering starts. 
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m Feedback control systems 
Introduction* 


A feedback control system (Fig. 1) is one in which the difference between a 
reference input and some function of the controlled variable is used to 
supply an actuating error signal to the control elements and the controlled 
system. The amplified actuating error signal is applied in a manner tending 
to reduce this difference to zero. A supplemental source of power is avail- 
able in such systems to provide amplification at one or more points. 


The two most common types of feedback control systems are regulators and 
servomechanisms. Fundamentally, the systems are similar, the difference in 
names arising from the different natures of the types of reference inputs, the 
disturbances to which the control is subjected, and the number of integrating 
elements in the control. Thus, regulators are designed primarily to maintain 
the controlled variable or system output very nearly equal to a desired 
value in the presence of output disturbances. Generally, a regulator does 
not contain any integrating elements. 


A servomechanism is a feedback control system in which the controlled 

variable is a position (or velocity). Ordinarily in a servomechanism, the 
reference input is the input signal of primary importance; load disturbances, 
while they may be present, are of secondary importance. Generally, one or 
more integrating elements are contained in the forward transfer function of 
a servomechanism. : 


Types of systems 


The various types of feedback control systems can be described most 
effectively in terms of the simple closed-loop direct feedback system. Fig. 2 | 
shows such a system. Ris), Cls), and E(s) are the Laplace transforms of the. 
reference input, controlled variable, and error signal, respectively. 


Note: The complex variable s instead of p will be employed in this chapter 
to conform with the general practice in the literature on feedback control 
systems. 


*H. Chestnut and R. W. Mayer, “Servomechanisms and Regulating System Design,” John: 
Wiley & Sons, Inc., New York, N. Y.; 1951 and 1955: vols. 1 and 2. Also, W. R. Evans, “Control. 
System Dynamics,’’ McGraw-Hill Book Company, Inc., New York, N. Y.; 1954. Also, J. G, . 
Truxal, ‘‘Automatic Feedback Control System Synthesis,’"” McGraw-Hill Book Company, In¢., 
New York, N. Y.; 1955. Also, H. S. Tsien, ‘Engineering Cybernetics," McGraw-Hill Book: 
Company, Inc., New York, N. Y.; 1954. 
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Types of systems continued 
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Type-0 system: A constant value of the controlled variable requires a 
constant error signal under steady-state conditions. A feedback control 
system of this type is generally referred to as a regulator system. 


Type-1 system: A constant rate of change of the controlled variable re- 
quires a constant error signal under steady-state conditions. A type-1 feed- 
back control system is generally referred to as a servomechanism system. 
For reference inputs that change with time at a constant rate, a constant 
error is required to produce the same steady-state rate of the controlled 
variable. When applied to position control, type-1 systems may also be 
referred to as a “‘zero-displacement-error’” system. Under steady-state con- 
ditions, it is possible for the reference signal to have any desired constant 
position or displacement and the feedback signal or controlled variable to 
have the same displacement. 


Type-2 system: A constant acceleration of the controlled variable requires 
a constant error under steady-state conditions for a type-2 system. Since 
these systems can maintain a constant value of controlled variable and a 
constant controlled variable speed with no actuating error, they are some- 
times referred to as “zero-velocity-error’’ systems. 


Stability of systems 


A linear control system is unstable when its response fo any aperiodic, 
bounded signal increases without bound. Mathematically, instability may be 
investigated by analysis of the closed-loop response of the system shown 
in Fig. 2. 


C G(s) 
—(s) = ————— 
R 1 + Gls) 
s=a-+ jo 


The stability of the system depends upon the location of the poles of 
Cls)/R(s) or the zeros of [1 -+ Gls)] in the complex s plane. Several 
methods of stability determination can be employed. | 


Routh’s criterion 


A method due to Routh is constructed as follows. Let D = numerator poly- 
nomial of 1 + Gls). Then form 


ap 
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where a,>0. 


a. Construct the table shown below, with the first two rows formed directly 
from the coefficients and succeeding rows found as indicated. 


Qn OQn—2 On—4 OAn-6 
Qn—-1 On—3 OAn—5 OAn—7 


Mme De = 8=60bs iby 


C1 Ce C3 C4 
Ke PF 
C1 =P) 4 £ Pr i 
fy e e ° e se 
where 

An—1 An—2 as An—3 An 
a 

Qn—1 


b OQn—1 On—4 — On—5 On 
2 ed 
On-1 


On—1 On—-6 — An—7 An 
bg — iT 
An—1 


pir: by Gn—-3 — be On-1 

= 
bi 

i bi Qn_s — b3 Gn_1 


by 


Ce 


348 CHAPTER 14 | 


Stability of systems continued 
RAEN PADD ETE WANN IE BRT LOTT TO 
D1 Gnstee D4 Ga 
re SS ee 
3 ie 


(E41 bo — by C9 


dy 


C1 


prvi rer buce 


Ci 


C1 bs = by; C4 


ds 


C1 


The table will consist of n rows. 


b. The system is stable; i.e., the polynomial has no right-half-plane zeros if 
every entry in the first column of the table is positive. If any complete row is 
zero, the rest of the table cannot be formed. In such a case the polynomial 
always has zeros in the right-half-plane or on the imaginary axis. 


Nyquist stability criterion 


A second method for determining stability is known as Nyquist stability 
criterion. This method consists in obtaining the locus of the transfer function 
Gls) in the complex G plane for values of s = jw for w from —o to +o, 
For single-loop systems, if the locus thus described encloses the point 
—1+ 70, the system is unstable; otherwise it is stable. Since the locus is 
always symmetrical about the real axis, it is sufficient to draw the locus for 
positive values of w only. Fig. 3 shows loci for several simple systems. 
Curves A and C represent stable systems and are typical of the type-I 
system; curve B is an unstable system. Curve D is conditionally stable; that is, 
for a particular range of values of gain K it is unstable. The system is stable — 
both for larger and smaller values of gain. Note: it is unstable as shown. 


Phase margin 6, and gain margin g are also illustrated in Fig. 3A. The former — 
is the angle between the negative real axis and G (jw) at the point where — 
the locus intersects the unit-gain circle. It is positive when measured as shown. — 


Gain margin g is the negative db value of Gljw) corresponding to the 
frequency at which the phase angle is 180 degrees li.e., where Gljw) inter- - 
sects the negative real axis). The gain margin is often expressed in decibels, — 
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w increasing 
w~t0 
A B 
w~-0 Pigs w+-0 mee 
— = plane — plane 
24 hae / \ 


w increasing W increasing 


Fig. 3—Typical Nyquist loci. 


so that g = —20 logis Gljw). Typical satisfactory values are —10 db for g 
and an angle of 30° for 6. These values are selected on the basis of a good 
compromise between speed of response and reasonable overshoot. Note 
that for conditionally stable systems, the terms gain margin and phase margin 
are without their usual significance. 


Logarithmic plots 


The transfer function of a feedback control system can be described by 
separate plots of attenuation and phase versus frequency. This provides a 
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very simple method for constructing a Nyquist diagram from a given transfer 
function. Use of logarithmic frequency scale permits simple straight-line 
(asymptotic) approximations for each curve. Fig. 4 illustrates the method for 
a transfer function with a single time constant. A comparison between 
approximate and actual values is included. | | 


Bak eae curve 
(maximum error= 3.01 db) 


Sill 
Be -20 db/decade 


attenuation in decibels 


approximate 
Ts (maximum er a 
=20 SS 


wT in radians/second 


Fig. 4—Transfer-function plot. G(jw) = 1/(1 + jwT) 


Transfer functions of the form G = (1 + jwT) have similar approximations | 
except that the attenuation curve slope is inverted upward (+ 20 db/decade) 
and the values of phase shift are positive. | 


The transfer function of feedback control systems can often be expressed as 
a fraction with the numerator and denominator each composed of linear. 
factors of the form (Ts + 1). Certain types of control systems such as 
hydraulic motors where compressibility of the oil in the pipes is appreciable - 
or some steering problems where the viscous damping is small give rise to 
transfer functions in which quadratic factors occur in addition to the linear 
factors. The process of taking logarithms (as in making a db plot) facilitates 
computation because only the addition of product terms.is involved. The 
associated phase angles are directly additive. | 


For example 


K(1 + joTo) 
[T? (jo)? + 2ST jo) + 1] (1 + joTy) (1 + joT3) 


where s = jw. The exact magnitude of G in decibels is 


20 logio | G = 20 logioK 4. 20 logio | 1 a Jol | — 20 logio | ] + jar | 
— 2logio | 1+ jwTs | — 20 logio | T? (fol? + 2¢T Uw) + |. | 


Glijw) = 
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Plots of attenuation and phase for quadratic factors as a function of the 
relative damping ratio ¢ are given in Fig. 5. The low-frequency asymptote is 
0 db, but the high-frequency asymptote has a slope of -- 40 db/decade 
(the positive slope applies to zero quadratic factors), twice the slope of the 
simple pole or zero case. The two asymptotes intersect at 
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Fig. 5A—Attenuation curve for quadratic factor. By permission from “Automatic Feedback Control System 
Glo) = 1/7 jo") +2 £7 jal + 1 Hh oscil Ae 
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= Alias 
The difference between the asymptotic plot and the actual curves depends 
on the value of ¢ with a variety of shapes realizable for the actual curve. 
Regardless of the value of ¢, the actual curve approaches the asymptotes 
at both low and high frequencies. In addition, the error between the 
asymptotic plot and the actual curve is geometrically symmetrical about the 
break frequency w = 1/T. Asa result of this symmetry, the curves of Fig. 5A’ 


‘i <coo 


phase angle in degrees 


pa 
OK 


Ee 
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Fig. 5B—Phase characteristic. By permission from “Theory of Servomechanisms,” by H. M. James, N. B 
Nichols, and R. S. Phillips. Copyright 1947, McGraw-Hill Book Company, Inc. | 
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are plotted only for wl <1. The error for w = a/T is identical with the error 
at w = I/al. 


Log plots applied to transfer functions 


Nyquist’s method, although yielding satisfactory results, has undesirable 
limitations when applied to system synthesis because the quantitative effect 
of parameter changes is not readily apparent. The use of attenuation—phase 
plots yields a more direct approach to the problem. The method* is based 
upon the relation between phase and the rate of change of gain with fre- 
quency of networks. As a first approximation, which is valid for simple 
systems, a gain rate of change of 20 db/decade corresponds to a phase 
shift of 90°. Since the stability of a system can be determined from its phase 
margin at unity gain (0 db), simple criteria for the slope of the attenuation 
curve can be established. Thus it is obvious that to avoid instability, the slope 


* A theorem due to Bode shows that the phase angle of a network at any desired frequency is 
dependent on the rate of change of gain with frequency, where the rate of change of gain at the 
desired frequency has the major influence on the value of the phase angle at that frequency. 
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Fig. 6—Atienuation and phase shift for a stable system. 
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of the attenuation curve at unity gain must be appreciably less than —40 


db/decade (commonly about —33 db/decade). 


The design procedure is to construct asymptotic attenuation—phase curves 
as a first approximation. From this it can be determined whether the sta-— 


bility requirements are met. Refinements can be made by using the actual 
instead of asymptotic values for the curve as outlined in Fig. 4. 


Figs. 6 and 7 are examples of transfer functions plotted in this manner. In Fig. 6 : 


a positive phase margin exists and the system is stable. Associated with the 


first-order pole at the origin is a uniform (low-frequency) slope of —20. 


db/decade and —90° phase shift. This may be considered characteristic of 


the integrating action of a type-1 control system. Fig. 7 is an unstable system. 


it has a negative phase margin (as a result of the steep slope of the attenua- 


tion curve). The former is stable, the latter is unstable. 


Root-locus method 


Root-locus is a method of design due to Evans, based upon the relation 


between the poles and zeros of the closed-loop system function and those : 
of the open-loop transfer function. The rapidity and ease with which the : 


attenuation [C/E| in decibels 


gain PNY s0db/decade _| 
ad oath at apie 


iN 
LN 


win pee ee second 
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Fig. 7—Attenuation and phase shift for an unstable system. 
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loci can be constructed form the basis for the success of root-locus design 
methods, in much the same way that the simplicity of the gain and phase 
plots (Bode diagrams) makes design in the frequency domain so attractive. 
The root-locus plots can be used to adjust system gain, guide the design of 
compensation networks, or study the effects of changes in system parameters. 


In the usual feedback control system, Gls) is a rational algebraic function, 
the ratio of two polynomials in s; thus, 


Gls) = mls) /n(s) 
From Fig. 2 


TS Ce m(s) /n(s) “ m(s) 
R 1 + Gls) 1 + [m(s)/n{s)] mls) + nls) 


The zeros of the closed-loop system are identical with those of the open- 
loop system function. 


The closed-loop poles are the values p 
of s at which mls) /n(s) = — 1. The 
root-locus method is a graphical 
technique for determination of the 
zeros of mls) + nls) from the zeros 
of mls) and nls). Root loci are plots 
in the complex s plane of the varia- 
tions of the poles of the closed- 
loop-system function with changes in 
the open-loop gain. For the single- ’ 

loop system of Fig. 2, the root loci lies eee eee) el we 
constitute all s-plane points at which sated Vii renah haeh T aeta ia a 


$ plane 


Fig. 8—Graphical interpretation of G(s). 


/G(s) = 180° + n 360° 


Where n is any integer including zero. For a 
type-1 feedback control system 


Gis) — K (s + 2) (s + zo) 
s (s + pi) (s + pe) (s + pg) 


Fig. 9—Root loci for 
G(s) = K /[s(s + 1]) 


A graphical interpretation is given in Fig. 8. Valdes of K'Gs Indicaied by 
Examples are given in Figs. 9 and 10. fractions. 
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Gain Ky, Fig. 10, produces 
the case of critical damp- 
ing. An increase in gain 
somewhat beyond this value 
causes a damped oscilla- 
tion to appear. The latter 
increases in frequency (and 
decreases in damping) with 
further increase in gain. At 
gain Ks a sustained oscilla- 
tion will result. Instability 
exists for gain greater than 
Ke-rass dt hae nis cOnre- 
sponds to poles in the right 
half of the s plane for the 
closed-loop transfer func- 
tion. 


/ s plane 


Fig. 10—Root loci for G(s) = K/[s(Tis + 1) (Tes + 1)]. 


Aids in sketching root-locus plots 


a. The simplest portions of the plot to establish are the intervals along the - 


negative real (—«a) axis, because then all angles are either 0° or 180°. 


Complex pairs of zeros or poles contribute no net angle for points along. 


the real axis. 


Along the real axis, the locus will exist for intervals that have an odd number 
of zeros and poles to the right of the interval (Fig. 11). 


jw 


S plane 
— S$ plane 


o—> 


Fig. 11—Root-locus intervals along the real axis 


b. For very large values of s, all angles are essentially equal. The locus will | 
thus finally approach asymptotes at the angles (Fig. 12), given by 
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180° + n 360° 
(number of poles) — (number of zeros) 


These asymptotes meet at a point si (on the negative real axis) given by 


Z(poles) — Llzeros) 
aa 
(number of finite poles) — (number of finite zeros) 
jo jw 
/ \\ 4135? Z: 
bs X fas 
S plane S$ plane 


\-48" 
re 135° ee 


Fig. 12—Final asymptfotes for root loci. Left, 60° asymptotes for system having 3 poles. 
Right, 45° asymptotes for system having an excess of 4 poles over zeros. 


c. Breakaway points from the real axis occur 
where the net change in angle caused by a 
small vertical displacement is zero. In Fig. 13 
the point p satisfies this condition at 1/xo = | vies 


(1/xa) + (1 /x9). 


d. Intersections with jw axis. Routh’s test 
applied to the polynomial mls) + nls) fre- 
quently permits rapid determination of the 
points at which the loci cross the jw axis and Fig. 13—Breakaway points. 
the value of gain at these intersections. 


jy 


e. Angles of departure and arrival. The angles at which the loci leave the 
poles and arrive at the zeros are readily evaluated from the following 
equation 


2Z/vectors from zeros to s — Z/vectors from poles to s = 180° + n360°. 


For example, consider Fig. 14. The angle of departure of the locus from the 
pole at (—1 + jl) is desired. If a test point is assumed only slightly displaced 
from the pole, the angles contributed by all critical frequencies (except the 
pole in question) are determined approximately by the vectors from these 
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poles and zeros to (—1 + jl). The angle contributed by the pole at 
(—1 + jl) is then just sufficient to make the total angle 180°. In the example 
shown in the figure the departure angle is found from the relation: 


+ 45° — (135° + 90° + 26.6° + 6; = 180° + n 360° 


EO SOF eFTea  F 
s+2 s sti+jyls+3s+1-—jJl 
Hence @ = —26.6°, the angle at which the locus leaves (—1 + ji). 


Fig. 14—Loci for 


K(s + 2) 


i Har + 3)(s? + 2s + 2) 


Methods of stabilization 


Methods of stabilization for improving feedback-control-system response 
fall into the following basic categories: : 


a. Series (cascade) compensation. 
b. Feedback (parallel) compensation. 
¢. Load compensation. 


In many cases any one of the above methods may be used to advantage 
and it is largely a question of practical considerations as to which is selected. 
Fig. 15 illustrates the three methods. | 


Networks for series stabilization 


Common networks for stabilization are shown in Fig. 16 with the transfer 
functions. The bridged-T network can be used for stabilization of ac 
systems although it has the disadvantage of requiring close control of the — 
carrier frequency. Asymptotic attenuation and phase curves for the first 
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control elements 


series c(t 
compensation ea (f) 
network 


Series compensation. 


controlled 
system 


feedback 
compensation 
network 


Feedback compensation. 


load 
modification 


Load compensation. 


Fig. 15—Simple schemes for compensation. 


Phase-lag network 


E. (Ts +1), 


E; (Ts + 1) 


where 
T2 = R2Co 
Ti — (Ry ++ Ro) Co 


Phase-lead network 


Eo _ Te a 
E; Ty Tos + 1 


where 
Ty = RyCy 


BRC 
j Ri + Re 


Fig. 16—Networks for series stabilization. Continued on next page. 
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Lead-lag network 


E, ” (Ty1s +. 1) (Tos 4. 1) 
Ee oi T1 Tes? +- (Ty +- Te + T19) S + ] 
where 
Ty = RiCQy 
To = R2Ce - 
T12 = RiCo 
ae | ata eal Ie 
Tr + Ta + The 


Bridged-T network 


lens T1T 3s? + Dis a ] 
~ TyT gs? +" (2T, + Tals + 1 


Fig. 16—Networks for series compensation. Continued 


three networks are shown in Figs. 17 and 18. The positive values of phase 
angle are to be associated with the phase-lead network whereas the nega- 
tive values are to be applied to the phase-lag network. Fig. 19 is a plot of — 
the maximum phase shift for lag and lead networks as a function of the © 
time-constant ratio. 


w7, in radians/second for phase-lead network 
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Fig. 17—Phase and attenuation for phase-lead and phase-lag networks. T;=10T>. 
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Fig. 18—-Phase and attenuation for lead-lag network. 
Gr = (M1 + T2)/(T1 + T2 + Tr). 
T2 = T; /4 and Tyz =11.257}, 
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Fig. 19—Maximum phase shift for 
phase-lead (use positive angles) and 
phase-lag (negative angles) networks. 


maximum phase shift in degrees 


l 2 4 686 10 20 30 


Instead of direct feedback, the feedback connection may contain frequency- 
sensitive elements. Typical of such frequency-sensitive elements are tach- 
Ometers or other rate- or acceleration-sensitive devices that may be fed 
back directly or through suitable stabilizing means. 


Load stabilization 


The commonest form of load stabilization involves the addition of an 
oscillation damper (tuned or untuned) to change the apparent character- 
istics of the load. Oscillation dampers can be used to obtain the equivalent 
of tachometric feedback. The primary advantages of load stabilization are 
the simplicity of instrumentation and the fact that the compensating action is 
independent of drift of the carrier frequency in ac systems. 


Error coefficients 


Of major importance in feedback control systems, along with stability, is 
system accuracy. Static accuracy refers to the accuracy of a system after the 
Steady state is reached and is ordinarily measured with the system input 
constant or slowly varying. Dynamic accuracy refers to the ability of the 
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system to follow rapid changes of the Wea The following refers to a system 
such as Fig. 2. 


Static-error coefficients 
Position error constant: 


K, = lim => Cis) _ Lim erin 
s>0 E(s) 890 (actuating error) 


(controlled variable) 


for a constant value of controlled variable. 


Velocity error constant: 


kK. 2 lin peee sC (SP _ (ite telote 


s>0 F (cs) s>0 (actuating error) 


(velocity of controlled variable) — 


for a constant velocity of controlled variable. 


Acceleration error constant: 


K, = tim s'C(s) Sed Mie (Stel ees 
s>0 F (cs) s>0 (actuating error) 


(acceleration of controlled variable) 
for constant acceleration of the controlled variable. 


Multiple inputs and load disturbances 


Frequently systems are subjected to unwanted signals entering the system at 
points other than the input. Examples are load-torque disturbances, noise 
generated at a point within the system, etc. These may be represented as 
additional inputs to the system. Fig. 20 is a block diagram of such a condition. 


For linear operation, 
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rT SS G, R Fig. 20—Multiple-input control system. 
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If it is desired that the sum of R and U be reproduced in the output (con- 
trolled variable), then G; should be equal to unity. If U is a disturbance to be 
minimized, then G, should be as large as possible. An example of such a 
disturbance is the torque produced on a radar antenna by wind forces. 


Practical application 


An example of a common application is the positioning-type servomechanism 
shown in Fig. 21. Such a system ordinarily includes the following components: 
a comparator to measure the error, an amplifier, a second comparator or 
mixer to measure (E; —B), a motor, and a tachometer. 


For this system, 


Cls) _ Gils) Gels) 
E (s) 1 + Hls) Gols) 


Cls) Gils) Gols) 
Ris) 1 + H(s) Gols) + Gils) Gols) 


amplifier, motor, and 
load characteristics 


G(s) 


=e eee ee eee eee = 
auxiliary loop | 


Seneca 


tachometer element 
H(s)=Ks 


Fig. 21—Positioning-type servo. 


Control-system components 


Error-measuring systems: potentiometers, synchros 


Commonly used error-measuring systems or comparators are shown in 
fig. 22. 


For synchros whose primary excitation is 115 volts, the error sensitivity is 
approximately 1 volt/degree for a load resistance of 10,000 ohms across 
the control-transformer rotor. 
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Synchro system. 
Potentiometer systems. 


Fig. 22—Error-measuring systems. 


The static error of a synchro transmitter and control transformer com- 
bination is of the order of 18 minutes maximum and is a function of the rotor 
position. In some precision units, this error may be reduced to a few minutes 
of arc. In synchro-control transformers, a very undesirable characteristic is 
the presence of residual voltages at the null position. In well-designed units 
this voltage will be less than 30 millivolts. 


Synchro errors can be materially reduced by the utilization of double-speed 
systems. Such systems consist of a dual set of synchro units whose shafts are 
geared in such a manner as to provide a “fine” and a “coarse” control. The 
synchro error can be effectively reduced by the factor of the gear ratio em- 
ployed. Synchronizing networks are employed to provide for proper 
switching between the two sets of synchros. 


Linear motor and load characteristics 


In the following, subscript m refers to motor, / refers to load, and O refers 
to combined motor and load. 
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@ = angular position in radians 


r = angular velocity in radians/sec = d6/dt 
Tm = motor-developed torque in pound—feet 


Jm = motor moment of inertia in slug—feet? 


Em = impressed volts 

ks = motor stalled-torque constant in pound—feet/volt 
= [ATm/AEn|r,, 

fm = motor internal-damping characteristic in pound—feet—seconds/radian 
—.. lef Aol. 

fm = motor torque—inertia constant in 1/second 
eT cd Jon 

J; = load inertia in slug—feet? 

fy = load viscous-friction coefficient in pound—feet—seconds/radian 

F; = load coulomb friction in pound—feet 


N = motor-to-load gear ratio 


a 6m / 81 


fo = over-all viscous-friction coefficient referred to load shaft 


ag fy ir ING 


Jo = over-all inertia referred to load shaft 


= Jp + NU, 


To = over-all time constant in seconds 


= Jo/fo 


The ideal motor characteristics of Fig. 23 are quite representative of dc 


shunt motors. For alternating-current two-phase 


motor torque = Tp, 


motor speed = Qm 


Fig. 23—Ideal motor curves. 


E=constant 


shunt de motor 


servomotors, one phase of 


E 2- phase 
m servomotor 


control 
winding reference 
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F= 
constant 
490° 


which is excited from a constant-voltage source (the reference winding), 
the curves are approximately valid up to about 40-percent of synchronous 


speed. 


The speed and load-transfer characteristics are given by 
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When the coulomb friction F; can be neglected, 
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Rate generators 


A rate generator (or tachometer generator) is a precision electromechanical 
component resembling a small motor and having an output voltage propor- 
tional to its shaft rotational speed. Rate generators have extensive applica- 
tions both as computing instruments and as stabilizing components of feed- 
back control systems. An example of the latter is illustrated in Fig. 21. The 
use of the rate generator produces an effective viscous damping and also 
tends to linearize the servomechanism by inserting damping of a linear 
nature and of such magnitude that it swamps out the rather large nonlinear 
damping of the motor. To eliminate the backlash between rate generators 
and servomotors, they are often constructed as integral units having a 
common shaft. These units are available for dc or ac (either 400- or 60-cycle) 
Operation. 


Linearity considerations 

The preceding material applies strictly to linear systems. Actually all systems 
are nonlinear to some extent. This nonlinearity may cause serious deteriora- 
tion in performance. Common sources of nonlinearity are: 

a. Nonlinear motor characteristics. 

b. Overloading of amplifiers by noise. 

c. Static friction. 

d. Backlash in gears, potentiometers, etc. For good performance it is _ 
recommended that the total backlash should not exceed 20 percent of the 


expected static error. 


e. Low-efficiency gear or worm drives that cause locking action. 
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@ Electron tubes 


General data* 


Cathode emission 


The cathode of an electron tube is the primary source of the electron 
stream. Available emission from the cathode must be at least equal to the 
sum of the instantaneous peak currents drawn by all of the electrodes. 
Maximum current of which a cathode is capable at the operating tempera- 
ture is known as the saturation current and is normally taken as the 
value at which the current first fails to increase as the three-halves power 
of the voltage causing the current to flow. Thoriated-tungsten filaments 
for continuous-wave operation are usually assigned an available emission 
of approximately one-half the saturation value; oxide-coated emitters do 
not have a well-defined saturation point and are designed empirically. In 
Fig. 1, the values refer to the saturation current. 


Fig. 1—Commonly used cathode materials. 


specific 
efficiency in emission operating ratio 
milliamperes / I, in emissivity | temp in hot/cold 
type watt amp/cm? |in watts/em?| deg K resistance 
Bright 
tungsten (W) 5-10 0.25-0.7 70-84 2500-2600 14/1 
Thoriated tung- 
sten (Th-W) 40-100 0.5-3.0 26-28 1950-2000 10/1 
Tantalum (Ta) 10-20 0.5-1.2 48-60 2380-2480 6/1 
Oxide coated 
(Ba-Ca-Sr) 50-150 0.5-2:5 5-10 1100-1250 | 2.5 to 5.5/1 


Operation of cathodes: Thoriated-tungsten and oxide-coated emitters should 
be operated close to specified temperature. A customary allowable heating- 
voltage deviation is +5 percent. Bright-tungsten emitters may be operated 
at the minimum temperature that will supply required emission as determined 
by power-output and distortion measurements. Life of a bright-tungsten 
emitter is lengthened by lowering the operating temperature. Fig. 2 shows 
a typical relationship between filament voltage and temperature, life, and 
emission. 


Mechanical stresses in filaments due to the magnetic field of the heating 
current are. proportional to J;*. Current flow through a cold filament should 
be limited to 150 percent of the normal operating value for large tubes, and 


* J. Millman, and S. Seely, “Electronics,” Ist ed., McGraw-Hill Book Company, New York’ 
New York; 1941. K. R. Spangenberg, “Vacuum Tubes,” Ist ed., McGraw-Hill Book Com- 
pany, New York, New York; 1948. A. H. W. Beck, “Thermionic Valves, Their Theory and 
Design,” Cambridge University Press, London, England; 1953. ‘Standards on Electron Tubes: 
Definitions of Terms, 1950," Institute of Radio Engineers, New York, New York. 
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General data continued 


250 percent for medium types. Excessive starting current may easily warp 
or break a filament. 


Thoriated-tungsten filaments may sometimes be restored to useful activity 
by applying filament voltage (only) in accordance with one of the following 
schedules: 


a. Normal filament voltage for several hours or overnight. 


b. If the emission fails to respond; at 30 percent above normal for 10 minutes, 
then at normal for 20 to 30 minutes. 


c. In extreme cases, when a and b have failed to give results, and at 
the risk of burning out the filament; at 75 percent above normal for 3 min- 
utes followed by schedule b. 


noah ei ot fame 1 i a 
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percent of normal life and emission 


ZA 


temperature in degrees Kelvin 


percent of rated filament voltage 


Fig. 2—Effect of change in filament voltage on the temperature, life, and emission of 
a bright-tungsten filament (based on 2575-degree-Kelvin normal temperature). 
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Electrode dissipation 


In computing cooling-medium flow, a minimum velocity sufficient to insure 
turbulent flow at the dissipating surface must be maintained. The figures for 
specific dissipation (Fig. 3) apply to clean cooling surfaces and may be 
reduced to a small fraction of the values shown by heat-insulating coatings 
such as scale or dust. 


Fig. 3—Typical operating data for common types of cooling. 


average cooling- specific dissipation cooling- 
surface temperature | in watts/centimeter® medium 
type in degrees centigrade of cooling surface supply 
Radiation 400-1000 4-10 
Water 30-150 30-110 0.25-0.5 gallons/minute/ 
kilowatt 
Forced-air 150-200 0.5-1 50-150 feet?/minute/ 
kilowatt 


Operation temperature of a radiation-cooled surface for a given dis- 
sipation is determined by the relative total emissivity of the anode material. 
Temperature and dissipation are related by the expression, 


P = « oll! — To! 


where 
P = radiated power in watts/centimeter? 
€; = total thermal emissivity of the surface 


go = Stefan-Boltzmann constant 

= 5.67 X 10-” watt-centimeters-? & degrees Kelvin~4 
T = temperature of radiating surface in degrees Kelvin 
To 


Total thermal emissivity varies with the degree of roughness of the surface of 
the material, and the temperature. Values for typical surfaces.are in Fig. 4. 


temperature of surroundings in degrees Kelvin 


Fig. 4—Total thermal emissivity « of electron-tube materials. 


femp. |thermal temp. |thermal 

in deg.| emis- in deg.| emis- 

material Kelvin | sivity material Kelvin | sivity 
Aluminum 450 | 0.1 Molybdenum, quartz-blasted 1300 | 0.5 
Anode graphite 1000 | 0.9 Nickel 600 | 0.09 
Copper 300 | 0.07 | Tantalum 1400 | 0.18 
Molybdenum 1300 | 0.13 | Tungsten 2600 | 0.30 


Except where noted, the surface of the metals is as normally produced. 
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General data — continued 


Dissipation and temperature rise 
for water cooling 


P = 264 QywlTe — Mh) 


where 


P 


power in watts 
Qw = flow in gallons/minute 


Te, Th 


outlet and inlet water 


temperatures in degrees 


Kelvin, respectively 


Dissipation and temperature rise 
for forced-air cooling 


Te 
P= 169 Q(t — 41 
ae ) 


where Q, =air flowin feet?/minute, 
other quantities as above. Fig. 5 
shows the method of measuring air 
flow and temperature rise in forced- 
air-cooled systems. A water man- 
ometer is used to determine the 
static pressure against which the 
blower must deliver the required 
air flow. Air velocity and outlet air 
temperature must be weighted over 
the cross-section of the air stream. 


outlet air - temperature 
thermometers 


forced-air cooler 
on anode 


Fines THANE T iN 


ia 


static -pressure ; i 
water HH 
manometer 


thermometer 
air duct 


flow and 


of air 
in a_ forced-air-cooled 
system is shown at the right. 


Fig. 5—Measuremenit 
temperature rise 


Grid temperature: Operation of grids at excessive temperatures will 


result in one or more harmful effects: liberation of gas, high primary (thermal) 


emission, contamination of the other electrodes by deposition of grid 
material, and melting of the grid may occur. Grid-current ratings should not 


be exceeded, even for short periods. 


Nomenclature 


Application of the standard nomen- 
clature*™ to a typical electron-tube 
circuit is shown in Fig. 6. A typical os- 
cillogram is given in Fig. 7 to illustrate 
the designation of the various compo- 
nents of a current. By logical extension 


of 


these principles, any tube, circuit, or 


electrical quantity may be covered. 


&¢ 
€b 


* "Standards on Abbreviations, Graphical Symbols, Letter Symbols, and Mathematical Signs,’ 


= instantaneous total grid voltage 

= instantaneous total plate voltage 

= instantaneous total grid current 

= average or quiescent value of 
grid voltage 

= average or quiescent value of 
plate voltage 
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Fig. 6 —Typical electron-tube circuit. 


= average or quiescent value of grid current 


= instantaneous value of varying component of grid voltage 


= instantaneous value of varying component of plate voltage 


The Institute of Radio Engineers; 1948. 
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ip (instantaneous varying - 
component value) 


Ipm(Moximum varying- 
component value) 


Courtesy of Institute of Radio Engineers 


Fig. 7—Nomenclature of the various components of a current. 
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Nomenclature continued 
ESE 


ig = instantaneous value of varying component of grid current 


™m 
Q 
I 


effective or maximum value of varying component of grid voltage 
E, = effective or maximum value of varying component of plate voltage 
I, = effective or maximum value of varying component of grid current 
I = filament or heater current 
I, = total electron emission from cathode 

Cop = grid-plate direct capacitance 

Cox = grid-cathode direct capacitance 

Cpx = plate-cathode direct capacitance 
6, = plate-current conduction angle 
r,; = external plate load resistance 


'p = variational (ac) plate resistance 


Noise in tubes * 


There are several sources of noise in electron tubes, some associated with 
the nature of electron emission and some caused by other effects in the 
tube. 


Shot effect 


The electric current emitted from a cathode consists of a large number of 
electrons and consequently exhibits fluctuations that produce tube noise 
and set a limitation to the minimum signal voltage that can be amplified. 


Shot effect in temperature-limited case: The root-mean-square value J, of 
the fluctuating (noise) component of the plate current is given in amperes by 


| pee Nd barr AN | 
where 


I = plate direct current in amperes 


€ =.electronic charge = 1.6 x 10> coulombs 


Af = bandwidth in cycles/second 


* B. J. Thompson, D. O. North, and W. A. Harris, “Fluctuations in Space-Charge-Limited 
Currents at Moderately High Frequencies,"" RCA Review: Part |I—January, 1940; Part Il—July, 
1940; Part III—October, 1940; Part !V—January, 1941; Part V—April, 1941. J. L. Lawson and 
G. E. Uhlenbeck, ‘Threshold Signals,"” McGraw-Hill Book Company, Inc., New York, New York; 
1950: see Chapter 4. H. Goldberg, ‘Some Notes on Noise Figures,"’ Proceedings of the IRE, 
vol. 36, pp. 1025-1214; October, 1948: also, vol. 37, p. 40: January, 1949. 
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Shot effect in space-charge-controlled region: The space charge tends to 
eliminate a certain amount of the fluctuations in the plate current. The 
following equations are generally found to give good approximations of 
the plate-current root-mean-square noise Component in amperes. 


For diodes: 


[,? = 4k X 0.64T.g - Af 


For negative-grid triodes: 


ee To, + Af 
o 


where 
k = Boltzmann's constant = 1.38 X 10~?3 joules/degree Kelvin 


T, = cathode temperature in degrees Kelvin 


g = diode plate conductance 


Gm = triode transconductance 


g = tube parameter varying between 0.5 and 1.0 


Af = bandwidth in cycles/second 


Partition noise 


Excess noise appears in multicollector tubes due to fluctuations in the division 
of the current between the different electrodes. Let a pentode be considered, 
for instance, and let e, be the root-mean-square noise voltage that, if 
applied on the grid, would produce the same noise component in the plate 
current. Let e; be the same quantity when the tube is operated as a triode. 
North has given 


eg? = (1 + 8.7 52 | e;” 
Gm c 


where 


I. = screen current in amperes 


Qm = pentode transconductance 


o, |. = as above 
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Noise in tubes continued 


Evaluation of tube performance 


Equivalent noise input-resistance values: A common way of expressing the 
properties of electron tubes with respect to noise is to determine the 
equivalent noise input resistance; that is to say, the value of a resistance that, 
if considered as a source of thermal noise applied to the driving grid, would 
produce the same noise component in the anode circuit. 


The information below has been given by Harris,* and is found to give 
practical approximations. 


For triode amplifiers: 


Reg ="2.5/ Om 


For pentode amplifiers: 


I, (25 20 2) 
Popenarys lath bnee fee St 
a I, ae lo Gm ti ahr 


For triode mixers: 


Reg = 4/9 


For pentode mixers: 


I, (: 20 2) 
Repel ed nell eu igeed 
I, a0 1B Ge cP ge” 


For multigrid converters and mixers: 


_ 19 Illa — I) 


R 
a ome £, 


where 


Reg = equivalent grid noise resistance in ohms 


transconductance in mhos 


Om 
Lo average plate current in amperes 

Ig = average screen-grid current in amperes 

*W. A. Harris, “Fluctuations in Space-Charge-Limited Currents at Moderately High Fre- 


quencies, Part V—Fluctuations in Vacuum-Tube Amplifiers and Input Systems," RCA Review — 
vol. 5, pp. 505-524; April, 1941: and vol. 6, pp. 114-124, July, 1941. 
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Noise in tubes continued 


Qe = conversion conductance in mhos 


I, = sum of currents from cathode to all other electrodes in amperes 


The cathode temperature is assumed to be 1000 degrees Kelvin in the 
foregoing formulas, and the equivalent-noise-resistance temperature is 
assumed to be 293 degrees Kelvin. 


Low-noise triode amplifiers have noise resistances of the order of 200 ohms; 
low-noise pentode amplifiers, 700 ohms; pentode mixers, 3000 ohms. 
Frequency converters have much higher noise resistances, of the order 


of 200,000 ohms. 


Noise factor or noise figure: Another common way of expressing the proper- 
ties of electron tubes with respect to noise is by means of noise factor. 
This quantity is defined as the ratio of the available signal-to-noise ratio 
at the signal-generator (input) terminals to the available signal-to-noise 
ratio at the output terminals. 


Other sources of electron-tube noise 


Flicker effect due to variations in the activity of the cathode, is most 
common in oxide-coated emitters. It varies as f + and is thus important only 
at low frequencies. 


Collision ionization causes noise when ionized gas atoms or molecules 
liberate bursts of electrons on striking the cathode. 


Induced noise: At ultra-high frequencies it is not necessary for electrons to 
reach an electrode for induced current to flow in the electrode leads. 
Noise due to fluctuations in this induced current is called induced noise. 


Miscellaneous noises due to microphonics, hum, leakage, charges on insu- 
lators, and poor contacts. 


Low- and medium-frequency tubes 


This section applies particularly to triodes and multigrid tubes operated at 
frequencies where electron-inertia effects are negligible. The construction 
illustrated in Fig. 8 is typical of that used in small transmitting tubes at these 
frequencies. 
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Low- and medium-frequency tubes continued 


Coefficients 


Amplification factor, uw: Ratio of incremental plate voltage to control- 
electrode voltage change at a fixed plate current with constant voltage on 
other electrodes 


| 
ect ty 
Eco eee 


F7e—=a0) 


onstan 
Eaye stant 


Transconductance, s: Ratio of incremental plate current to control-electrode 
voltage change at constant voltage on other electrodes 


dip 
SA == SE 
Oec1 Eo, Eco. . . Een constant 


f= 0 


Fig. 8—Electrode arrangement of a small 
external-anode triode. Overall length is 
4\% inches. A-filament, B=filament central- 
support rod, C<grid wires, D~anode, E=grid- 
support sleeve, F—filament-leg support rods, 
G=-metal-to-glass seal, H=glass envelope, 
I—filament and grid terminals, J-exhaust 
tubulation. 
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Low- and medium-frequency tubes continued 


When electrodes are plate and control grid, the ratio is the mutual conduct- 
ance, Gn 


ise 


lp 


Im = 


Variational (ac) plate resistance, rp: Ratio of incremental plate voltage to 
current change at constant voltage on other electrodes 


Ea 
i a 
dip Ect... Een constant 


7 =0 


Total (dc) plate resistance, R,: Ratio of total plate voltage to current for 
constant voltage on other electrodes 


Ey 
R = == 
I, Fer... Een constant © 


20) 


. ; €b2 — eb1 
Amplification factor yu = ————— 
€c2 — &cl 


ibn2 — fbr 


Mutual conductance gm = 


ip in amperes 


Cc2 — Cel 


: ©b2 
Total plate resistance Rp = — 


1b2 


ee — €b1 ep in volts 


Variational plate resistance rp = - - 
162 — 161 


Fig. 9—-Graphical method of determining coefficients. 


4 useful approximation of these coefficients may be obtained from a family 
of anode characteristics, Fig. 9. Relationships between the actual geometry 
of a tube and its coefficients are roughly illustrated by Fig. 10. 


318 CHAPTER 15 


Low- and medium-frequency tubes continued 
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Fig. 10—Tube characteristics for unipotential cathode and negligible saturation of cathode 
emission. 
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Ap = effective anode area in square centimeters 

dy = anode-cathode distance in centimeters | 

d, = grid-cathode distance in centimeters | 

8B = geometrical constant, a function of ratio of anode-to-cathode radius; 
62 = 1for rp/rp, > 10 (see curve,-Fig. 14) | 


p = pitch of grid wires in centimeters | 
rg = grid-wire radius in centimeters | 
ry = anode radius in centimeters 

ry = cathode radius in centimeters 

re = grid radius in centimeters 

Note: These formulas are based on theoretical considerations and do not provide accurate 


results for practical structures; however, they give a fair idea of the relationship between the 
tube geometry and the constants of the tube. 
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Fig. 11—Values of 6? for values of ",/r, < 10. 


1 
High-frequency triodes and multigrid tubes* 


When the operating frequency is 
increased, the operation of triodes 
and multigrid tubes is affected by 
electron-inertia effects. The design 
features that distinguish the high- 
frequency tube shown in Fig. 12 from 
the lower-frequency tube (Fig. 8) 
are, reduced cathode-to-grid and 
grid-to-anode spacings, high emis- 
sion density, high power density, 


*D. R. Hamilton, J. K. Knipp, and J. B. Kuper, 
“Klystrons and Microwave Triodes,” Ist ed., 
McGraw-Hill Book Company, New York, 
New York; 1948. 


Fig. 12—Electrode arrangement of ex- 
ternal-anode ultra-high-frequency triode. 
Overall length is 4% inches. A-filament, 
B-filament central-support rod, C-grid 
wires, D-anode, E=grid-support cone, 
F-grid terminal flange, G-filament-leg 
Support rods, H-glass envelope, I-fila- 
ment terminals. 
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High-frequency triodes and multigrid tubes continued 


small active and inactive capacitances, heavy terminals, short support 
leads, and adaptability to a cavity circuit. 


Factors affecting ultra-high-frequency operation 


Electron inertia: The theory of electron-inertia effects in small-signal tubes 
has been formulated;* no comparable complete theory is now available for 
large-signal tubes. 


When the transit time of the electrons from cathode to anode is an appre- 
ciable fraction of one radio-frequency cycle: 


a. Input conductance due to reaction of electrons with the varying field 
from the grid becomes appreciable. This conductance, which increases as 
the square of the frequency, results in lowered gain, an increase in driving- 
power requirement, and loading of the input circuit. 


b. Grid-anode transit time introduces a phase lag between grid voltage 
and anode current. :In oscillators, the problem of compensating for the 
phase lag by design and adjustment of a feedback circuit becomes difficult. 
Efficiency is reduced in both oscillators and amplifiers. 


c. Distortion of the current pulse in the grid-anode space increases the 
anode-current conduction angle and lowers the efficiency. 


Electrode admittances: In amplifiers, the effect of cathode-lead inductance 
is to introduce a conductance component in the grid circuit. This effect is 
serious in small-signal amplifiers because the loading of the input circuit 
by the conductance current limits the gain of the stage. Cathode-grid and 
grid-anode capacitive reactances are of small magnitude at ultra-high 
frequencies. Heavy currents flow as a result of these reactances and tubes 
must be designed to carry the currents without serious loss. Coaxial cavities 
are often used in the circuits to resonate with the tube reactances and to 
minimize resistive and radiation losses. Two circuit difficulties arise as 
operating frequencies increase: 


a. The cavities become physically impossible as they tend to take the 
dimensions of the tube itself. 


b. Cavity Q varies inversely as the square root of the frequency, which 
makes the attainment of an optimum Q a limiting factor. | 


* A. G. Clavier, “Effect of Electron Transit-Time in Valves,” L'Onde Electrique, v. 16, pp. 145- 
149; March, 1937: also, A. G. Clavier, The Influence of Time of Transit of Electrons in Ther- 
mionic Valves," Bulletin de la Societe Francaise des Electriciens, v. 19, pp. 79-91; January, 1939. 
F. B. Llewellyn, “Electron-Inertia Effects,” Ist ed., Cambridge University Press, London; 1941. 


i 


ELECTRON TUBES 38 | 


High-frequency triodes and multigrid tubes continued 


Scaling factors: For a family of similar tubes, the dimensionless magnitudes 
such as efficiency are constant when the parameter 


B= fd/V 


is constant, where 


ale 
2 


f = frequency in megacycles 
d = cathode-to-anode distance in centimeters 


V 


anode voltage in volts 


Based upon this relationship and similar considerations, it is possible to 
derive a series of factors that determine how operating conditions will 
vary as the operating frequency or the physical dimensions are varied (see 
table, Fig. 13). If the tube is to be scaled exactly, all dimensions wil! be 
reduced inversely as the frequency is increased, and operating conditions 
will be as given in the ‘‘size-frequency scaling’ column. If the dimensions 
of the tube are to be changed, but the operating frequency is to be main- 
tained, operation will be as in the “size scaling” column. If the dimensions 
are to be maintained, but the operating frequency changed, operating 
conditions will be as in the ‘frequency scaling’ column. These factors apply 
in general to all types of tubes. 


Fig. 13—Scaling factors for ultra-high-frequency tubes. 


size- 
frequency size frequency 
quantity ratio scaling scaling scaling 
Voltage Vo/V1 1 d? fa 
Field FafEs f d 2 
Current I2/Ty 1 d3 Fe 
Current density Jo/ Ji f2 d f? 
Power Po/Py 1 d f> 
Power density he/hy 2 d® fe 
Conductance Ge/Gi1 1 d f 
Magnetic-flux density Bo/Bi f 1 f 


d = ratio of scaled to original dimensions 
f = ratio of original to scaled frequency 


With present knowledge and techniques, it has been possible to reach 
certain values of power with conventional tubes in the ultra- and super- 
high-frequency regions. The approximate maximum values that have been 
obtained are plotted in Fig. 14. 
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High-frequency triodes and multigrid tubes 
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frequency in megacycles 


Fig. 14—Maximum ultra-high-frequency continuous-wave power obtainable from a 
single triode or tetrode. These data are based on 1956 knowledge and techniques. 


Microwave tubes 


The reduced performance of triodes and multigrid tubes in the microwave 


region has fostered the development of other types of tubes for use as 


oscillators and amplifiers at microwave frequencies. The three principal 
varieties are the magnetron, the klystron, and the traveling-wave amplifier. 


Terminology 


Anode strap: Metallic connector between selected anode segments of a 


multicavity magnetron. 
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Microwave tubes continued 


Beam-coupling coefficient: Ratio of the amplitude of the velocity modulation 
produced by a gap, expressed in volts, to the radio-frequency gap voltage. 


Bunching: Any process that introduces a radio-frequency conduction- 
current component into a velocity-modulated electron stream as a direct 
result of the variation in electron transit time that the velocity modulation 
produces. 


Cavity impedance: The impedance of the cavity that appears across the | 
gap. 


Cavity resonator: Any region bounded by conducting walls within which 
resonant electromagnetic fields may be excited. 


Circuit efficiency: The ratio of (a) the power of the desired frequency 
delivered to the output terminals of the circuit of an oscillator or amplifier 
to (b) the power of the desired frequency delivered by the electron stream 
to the circuit. 


Coherent-pulse operation: Method of pulse operation in which the phase 
of the radio-frequency wave is maintained through successive pulses. 


Conduction-current modulation: Periodic variation in the conduction current 
passing any one point, or the process of producing such a variation. 


Drift space: In an electron tube, a region substantially free of externally 
applied alternating fields in which a relative repositioning of the electrons 
is determined by their velocity distributions and the space-charge forces. 


Duty: The product of the pulse duration and the pulse-repetition rate. 


Electronic efficiency: The ratio of (a) the power of the desired frequency 
delivered by the electron stream to the circuit in an oscillator or amplifier 
to (b) the direct power supplied to the stream. 


End shields limit the interaction space in the direction of the magnetic 
field. 


End spaces: In a multicavity magnetron, the two cavities at either end of 
the anode block terminating all of the anode-block cavity resonators. 


External Q: The reciprocal of the difference between the reciprocals of 
the loaded and unloaded Q's. For a magnetron it is equal to 


Qesternal = (total stored energy) / (output energy) 
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Frequency pulling: Of an oscillator, is the change in the generated fre- 
quency caused by a change of the load impedance. 


Frequency pushing: Of an oscillator, is the change in frequency due to 
change in anode current (or in anode voltage). 


Input gap: Gap in which the initial velocity modulation of the electron 
stream is produced. This gap is also known as the buncher gap. 


Interaction gap: Region between electrodes in which the electron stream 
interacts with a radio-frequency field. 


Interaction space: Region between anode and cathode. 


Loaded Q: Of a specific mode of resonance of a system, is the Q when there 
is external coupling to that mode. Note: When the system is connected to 
the load by means of a transmission line, the loaded Q is customarily deter- 
mined when the line is terminated in its characteristic impedance. For a 
magnetron it is equal to 


Qtoaded = (total stored energy) /(output + cavity-dissipation energies) 
Magnet gap: Space between the pole faces of a magnet. 


Mode: One of the components of a general configuration of a vibrating 
system. A mode is characterized by a particular geometrical pattern and 
a resonant frequency (or propagation constant). 


Mode number (klystron): Number of whole cycles that a mean-speed 
electron remains in the drift space of a reflex klystron. 


Mode number n (magnetron): The number of radians of phase shift in going 
once around the anode, divided by 27. Thus, n can have integral values 1, 
2,3...N/2, where N is the number of anode segments. 


Output gap: Gap in which variations in the conduction current of the 
electron stream are subjected to opposing electric fields in such a manner 
as to extract usable radio-frequency power from the electron beam. This 
gap is also known as the catcher gap. 


a mode: Of a multicavity magnetron, is the mode of resonance for which 
the phase difference between any two adjacent anode segments is m radians. 
For an N-cavity magnetron, the 7 mode has the mode number N/2. 
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Microwave tubes continued 


Pulling figure: Of an oscillator, is the difference in megacycles/second 
between the maximum and minimum frequencies of oscillation obtained when 
the phase angle of the load-impedance reflection coefficient varies through 
360 degrees, while the absolute value of this coefficient is constant and 
is normally equal to 0.20. 


Pulse: Momentary flow of energy of such short time duration that it may be 
considered as an isolated phenomenon. 


Pulse operation: Method of operation in which the energy is delivered in 
pulses. 


Pushing figure: Of an oscillator, is the rate of frequency pushing in mega- 
cycles/second/ampere (or megacycles/second/Vvolt). 


Q: Of a specific mode of resonance of a system, is 27 times: the ratio of 
the stored electromagnetic energy to the energy dissipated per cycle 
when the system is excited in this mode. 


RF pulse duration: Time interval between the points at which the amplitude 
of the envelope of the radio-frequency pulse is 70.7 percent of the maximum 
amplitude of the envelope. 


Reflector: Electrode whose primary function is to reverse the direction of 
an electron stream. It is also called a repeller. 


Reflex bunching: Type of bunching that occurs when the velocity-modulated 
electron stream is made to reverse its direction by means of an opposing 
direct-current field. 


Space-charge debunching: Any process in which the mutual interactions 
between electrons in the stream disperses the bunched electrons. 


Transit angle: The product of angular frequency and time taken for an 
electron to traverse the region under consideration. This time is known as 
the transit time. 


Unloaded Q: Of a specific mode of resonance of a system, is the Q of 
the mode when there is no external coupling to it. For a magnetron it is 
equal to 


Quntoaded = (total stored energy) /(cavity-dissipation energy) 


Velocity modulation: Process whereby a periodic time variation in velocity 
is impressed on an electron stream; also, the condition existing in the stream 
subsequent to such a process. | 


| 
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C. Rising-sun type. 


Fig. 15—Continued. 


Magnetrons* 


A magnetron is a high-vacuum tube containing a cathode and an anode, 
the latter usually divided into two or more segments, in which tube a constant 
magnetic field modifies the space-charge distribution and the current- 
voltage relations. In modern usage, the term “magnetron” refers to the 
magnetron oscillator in which the interaction of the electronic space 
charge with the resonant system converts direct-current power into alter- 
nating-current power, usually of microwave frequencies. 


Many forms of magnetrons have been made in the past and several kinds of 
Operation have been employed. The type of tube that is now almost 
Universally employed is the multicavity magnetron generating traveling- 
wave oscillations. It possesses the advantages of good efficiency at high 
frequencies, capability of high outputs either in pulsed or continuous-wave 
Operation, moderate magnetic-field requirements, and good stability of 
Operation. A section through the basic anode structure of a typical magnetron 
is shown in Fig. 15A. 


* G. B. Collins, “Microwave Magnetrons,” vol. 6, Radiation Laboratory Series, Ist ed., McGraw- 
Hill Book Company, New York, New York; 1948. J. B. Fisk, H. D. Hagstrum, and P. L. Hartman, 
“The Magnetron-as a Generator of Centimeter Waves,” Bell System Technical Journal, v. 25, pp. 
167-348; April, 1946. 
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In magnetrons, the operating frequency is determined by the resonant 
frequency of the separate cavities arranged around the central cylindrical 
cathode and parallel to it. A high direct-current potential is placed between 
the cathode and the cavities and radio-frequency output is brought out 
through a suitable transmission line or waveguide usually coupled to one of 
the resonator cavities. Under the action of the radio-frequency voltages 
across these resonators and the axial magnetic field, the electrons from the 
cathode form a bunched space-charge cloud that rotates around the tube 
axis, exciting the cavities and maintaining their radio-frequency voltages. 
Most efficient operation occurs in the mw mode; that is, in such a fashion 
that the phase difference between the voltages across each adjacent 
resonator is 180 degrees. Since other modes of operation are possible, it” 
is often desirable to provide means for suppressing them. A common method 
is to strap alternating anode segments together conductively so that large 
circulating currents flow in the unwanted modes of operation, thus damping 
them. This is illustrated in Figs. 15A and B. Fig. 15C shows another example 
of a resonant multicavity system that is known as a rising-sun type. It should 
be noted that the anode segments are not strapped and mode suppression 
is accomplished by maintaining the proper size ratio between the large and 
small cavities. One definite advantage of this type of resonant system is 
its application for very-high microwave frequency operation where the 
physical size of the cavity is small and its fabrication becomes increasingly 
difficult. . 
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charts for more than one setting of the tuner. In the case of magnetrons with 
attached magnets, curves showing the variation of anode voltage, efficiency, 
frequency, and power output with change in anode current are given. A 
typical chart for a magnetron having eight resonators is given in Fig. 16. 


Rieke diagram: Shows the variation of power output, anode voltage, 
efficiency, and frequency with changes in the voltage standing-wave ratio 
and phase angle of the load for fixed 
typical operating conditions such as mag- 
netic field, anode current, pulse duration, 
pulse-repetition rate, and the setting of 
the tuner for tunable tubes. The Rieke 
diagram is plotted on polar coordinates, 
the radial coordinate being the reflection 
coefficient measured in the line joining 
the tube to the load and the angular 
coordinate being the angular distance of 
the voltage standing-wave minimum from 
a suitable reference plane on the output 
terminal. On the Rieke diagram, lines of | 
constant frequency, anode voltage, effi- 

ciency, and output may be drawn (Fig. 17). Fig. 17—Rieke diagram. 


Courtesy of Bell System Tech. Jour. 


constant power output 
——— constant frequency 


Magnetron design data 


The design of a new magnetron is usually begun by scaling from an existing 
magnetron having similar characteristics. Normalized operating parameters 
have been defined in such a way that a family of magnetrons scaled from 
the same parent have the same electronic efficiency for like values of 


ma V/U, and B/@, 


where the normalized parameters J, U, and ® for the a mode are 
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Amc l 42,400 
—— } ———_—_ = _ ————_—- gausses 
NAY (lb = 0?) NAW — o?) 


where 


a; = a slowly varying function of ra/re approximately equal to one in the 
range of interest 


fa = radius of anode in meters 
= radius of cathode in meters 
= anode height in meters 
= number of resonators 


le 

h 

N 

n = mode number 
\ = wavelength in meters 

m = mass of an electron in kilograms 

e = charge onan electron in coulombs 

c = velocity of light in free space in meters/second 


€) = permittivity of free space 


and J, V, and B are the operating conditions. Scaling may be done in any 
direction or in several directions at the same time. For reasonable per- 
formance it has been found empirically that 


V B l i 
— 24, ete and ea 


The minimum voltage required for oscillation has been named the ‘Hartree’ 
voltage and is given by 


B 


Slater's rule gives the relation between cathode and anode radius as 


revi. INe a 4 


Magnetrons for pulsed operation have been built to deliver peak powers 
varying from 3 megawatts at 3000 megacycles to 100 kilowatts at 30,000 
megacycles. Continuous-wave magnetrons having outputs ranging from one 
kilowatt at 3000 megacycles to a few watts at 30,000 megacycles have been 
produced. Operation efficiencies up to 60 percent at 3000 megacycles are 
obtained, falling to 30 percent at 30,000 megacycles. 
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Klystrons* 


A klystron is an electron tube in which the following processes may be 
distinguished. 


a. Periodic variations of the longitudinal velocities of the electrons forming 
the beam in a region confining a radio-frequency field. 


b. Conversion of the velocity variation into conduction-current modulation 
by motion in a region free from radio-frequency fields. 


c. Extraction of the radio-frequency energy from the beam in another 
confined radio-frequency field. 


The transit angles in the confined fields are made short (6 = /2) so that 
there is no appreciable conduction-current variation while traversing them. 


Several variations of the basic klystron exist. Of these, the simplest is the 
two-cavity amplifier or oscillator. The most important is the reflex klystron 
that is used as a low-power oscillator. The multicavity high-power amplifier 
is now also becoming important. 


Two-cavity klystron amplifiers 


An electron beam is formed in an electron gun and passed through the gaps 
associated with the two cavities (Fig. 18). After emerging from the second 
gap, the electrons pass to a collector designed to dissipate the remaining 
beam power without the production of secondary electrons. In the first 
gap, the electron beam is alternately accelerated and decelerated in 
succeeding half-periods of the radio-frequency cycle, the magnitude of 
the change in speed depending upon the magnitude of the alternating 
voltage impressed upon the cavity. The electrons then move in a drift space 
where there are no radio-frequency fields. Here, the electrons that were 
accelerated in the input gap catch up with those that were decelerated in 
the preceding half-cycle and a local increase of current density occurs in 
the beam. Analysis shows that the maximum of the current-density wave 
occurs at the position, in time and space, of those electrons that passed 
the center of the input gap as the field changed from negative to positive. 
There is therefore a phase difference of 7/2 between the current wave 
and the voltage wave that produced it. Thus at the end of the drift space, 


*D. R. Hamilton, J. K. Knipp, and J. B. H. Kuper, "Klystrons and Microwave Triodes," 
McGraw-Hill Book Company, New York, New York; 1948. A. H. W. Beck, ‘'Velocity-Modulated 
Thermionic Valves,” Cambridge University Press, London, England; 1948. A. H. W. Beck, 
“Thermionic Valves, Their Theory and Design,” Cambridge University Press, London, England; 
1753. 
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the initially uniform electron beam has been altered into a beam showing 
periodic density variations. This beam now traverses the output gap and 
the variations in density induce an amplified voltage wave in the output 
circuit, phased so that the negative maximum corresponds with the phase 
of the bunch center. The increased radio-frequency energy has been gained 
by conversion from the direct-current beam energy. 
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Courtesy of Sperry Gyrsocope Co. cathode 
Fig. 18—Diagram of a 2-cavity klystron. Fig. 19-——Diagram of a reflex klystron. 


The two-cavity amplifier can be made to oscillate by providing a feedback 
loop from the output to the input cavity, but a much simpler structure results 
if the electron beam direction is reversed by a negative electrode, termed 
the reflector. 


Reflex klystrons* 


A representative reflex klystron is shown schematically in Fig. 19. The 
velocity-modulation process takes place as before, but analysis shows 
that in the retarding field used to reverse the direction of electron motion, 
the phase of the current wave is exactly opposite to that in the two-cavity 
klystron. When the bunched beam returns to the cavity gap, a positive field 
extracts maximum energy from the beam, since the direction of electron 
motion has now been reversed. Consideration of the phase conditions 
shows that for a fixed cavity potential, the reflex klystron will oscillate only 
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near certain discrete values of reflector voltage for which the transit time 
measured from the gap center to the reflection point and back is given by 


= 2nr(N + 3/4) 
where N is an integer called the mode number. 


By varying the reflector voltage around the value corresponding with the 
mode center, it is possible to vary the oscillation frequency by a small 
percentage and this fact is made use of in providing automatic frequency 
control or in frequency-modulation transmission. 


Reflex klystron performance data 


The performance data for a reflex klystron are usually given in the form of 
a reflector-characteristic chart. This chart displays power output and 
frequency deviation as a function of reflector voltage. Several modes are 
often displayed on the same chart. A typical chart is shown in Fig. 20. 


There are two rather distinct classes of reflex klystron in current large-scale 
manufacture (Fig. 21). 


a. Tubes for local oscillators 
in radar systems. These have 
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b. Tubes as frequency modu- 
lators in microwave links. These 
usually require considerably 
greater power, up to about 10 
watts, and the linearity of Af 


% power output 
py 
fo} 


i reflector voltage 
J. R. Pierce and W. G. Shepherd, “Re- 

flex Oscillators” Bell System Technical 

Journal, vol. 26, pp. 460-681; July, 1947. Fig. 20—Klystron reflector-characteristic chart. 


Courtesy of Sperry Gyroscope Co. 
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versus AVr characteristic over a limited (e.g., 10-megacycle) excursion is 
of primary importance as this parameter determines the harmonic margins 
in the system. Second-harmonic margins of —96 decibels for deviations 
of 125 kilocycles have been observed; the third-harmonic margins are 
about —120 decibels. 


Fig. 21—Typical reflex klystrons. 


frequency useful mode width 
in power output Afgap operating 
megacycles in milliwatts in megacycles voltage 


local oscillators 


3,000 150 40 i 300 
9,000 40 40 350 
24,000 35 120 750 
35,000 >15 50 2000 
50,000 10-20 60-140 600 


frequency-modulation transmitters 


4,000 1000 40 1100 
7,000 1000 37 750 
9,000 600 60 500 


Multicavity klystrons 


More recently, multicavity klystrons have been perfected for use in two 
rather different fields of application: applications requiring extremely high 
pulse powers* and continuous-wave systems in which moderate powers} 
(tens of kilowatts) are required. An example of the first application is a 
power source for nuclear-particle acceleration, while ultra- piesa frequency 
television is an example of the latter. 


A multicavity klystron amplifier is 
shown schematically in Fig. 22. 
The example shown has three 
cavities all coupled to the same 
beam. The radio-frequency input 
modulates the beam as before. 
The bunched beam induces an 


radio-frequency input 
beam-focusing system 


* M. Chodorow, E. L. Ginzton, I. R. Neilson: ACB SEER wooeeoeesenes | eg Rterp 

and. S. Sonkin, “Design and Performance gun 

of a High-Power Pulsed Klystron.” Proceed- (3) electron 

ings of the IRE, vol. 41, pp. 1584-1602; collector — 

November, 1953. (+) ; 

7D. H. Priest, C. E. Murdock, and J. J. i radio-frequency — 
cavities 


Woerner, “High-Power Klystrons at U.H.F." output 


Proceedings of the IRE, vol. 41, pp. 20-25; 
January, 1953. Fig. 22—Three-cavity klystron. 
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amplified voltage across the second cavity, which is tuned to the operating 
frequency. This amplified voltage remodulates the beam with a certain phase- 
shift and the now more-strongly bunched beam excites a highly amplified 
wave in the output circuit. It is found that the optimum power output is ob- 
tained when the second cavity is slightly detuned. Moreover, when increased 
bandwidth is required, the second cavity may be loaded with a resultant 
lowering in overall gain. Modern multicavity klystrons use magnetically 
focused, high-perveance beams and under these conditions, high gains, 
large power outputs, and reasonable values of efficiency are readily 
obtained. 


Continuous-wave multicavity klystrons are available with outputs of around 
10 kilowatts at frequencies up to 2400 megacycles. The efficiencies are of 
the order of 30 percent and the gains vary between 20 and 40 decibels, 
according to the number of cavities, bandwidth, etc. Pulsed tubes have 
been designed for outputs of 30 megawatts and with efficiencies of over 
40 percent at frequencies near 3000 megacycles. 


Traveling-wave tubes* 


The traveling-wave tube is a relatively new type of microwave tube in 
which a longitudinal electron beam interacts continuously with the field 
of a wave traveling along a wave-propagating structure. In its most common 
form it is an amplifier, although there are related types of tubes that are 
basically oscillators. 


* JR. Pierce, “Traveling-Wave Tubes,” D. Van Nostrand Co., Inc., New York, New York; 1950. 
R. Kompfner, “Reports on Progress in Physics,” vol. 15, pp. 275-327, The Physical Society, 
London, England; 1952. R. G. E. Hutter, “Traveling-Wave Tubes,” Advances in Electronics and 
Electron Physics, vol. 6, Academic Press, Inc., New York, New York; 1954. A bibliography 
is given in a survey paper by J. R. Pierce, “Some Recent Advances in Microwave Tubes,” 
Proceedings of the IRE, vol. 42, pp. 1735-1747; December, 1954. 
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Fig. 23—Basic helical traveling-wave tube. The magnetic beam-focusing system between 
input and output cavities is not shown here. 
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The principle of operation may be understood by reference to the schematic 
diagram representing a typical tube, Fig. 23. An electron stream is produced 
by an electron gun, travels along the axis of the tube, and is finally col- 
lected by a suitable electrode. Spaced closely around the beam is a circuit, 
in this case a helix, capable of propagating a slow wave. The circuit is 
proportioned so that the phase velocity of the wave is small with respect 
to the velocity of light. In typical low-power tubes, a value of the order of 
one-tenth of the velocity of light is used; for higher-power tubes the phase 
velocity may be two or three times higher. Suitable means are provided — 
to couple an external radio-frequency circuit to the slow-wave structure 
at the input and output. The velocity of the electron stream is adjusted to be 
approximately the same as the phase velocity of the wave on the circuit. 


When a wave is launched on the circuit, the longitudinal component of 
its field interacts with the electrons traveling along in approximate syn- 
chronism with it. Some electrons will be accelerated and some decelerated, 
resulting in a progressive rearrangement in phase of the electrons with 
respect to the wave. The electron stream, thus modulated, in turn induces 
additional waves on the helix. This process of mutual interaction continues 
along the length of the tube with the net result that direct-current energy 
is given up by the electron stream to the circuit as radio-frequency energy, _ 
and the wave is thus amplified. 


By virtue of the continuous interaction between a wave traveling on a 
broadband circuit and an electron stream, traveling-wave tubes do not 
suffer the gain—bandwidth limitation of ordinary types of electron tubes. 
By proper circuit design, such tubes are made to have bandwidths of an 
octave in frequency, and even more in special cases. 


The helix* is an extremely useful form of slow-wave circuit because the 
impedance that it presents to the wave is relatively high and because when 
properly proportioned, its phase velocity is almost independent of frequency | 
Over a wide range. 


An essential feature of this type of tube is the approximate synchronism 
between the electron stream and the wave. For this reason, the traveling- 
wave tube will operate correctly only over a limited range in -voltage. 
Practical considerations require that the operating voltages be kept as low 
as is consistent with obtaining the necessary beam input power; the voltage, 
in turn, dictates the phase velocity of the circuit. The electron velocity v in 


* S. Sensiper, “Electromagnetic Wave Propagation on Helical Structures,” Proceedings of the 
IRE, vol. 43, pp. 149-161; February. 1955. : 
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centimeters/second is determined by the accelerating voltage V in accord- 
ance with the relationship 


v = 5.93 X 107 V4 


: : f £ 100 
Fig. 24 shows a typical relation- & 
. . @ 
ship between gain and beam 2 a6 
o 
voltage. rs 
= 
The gain of a traveling-wave tube S on 500 000 06 
is given approximately by o beam voltage 
m= — A + BCN Fig. 24—Traveling-wave-tube gain versus 


: f accelerating voltage. 
in decibels where 


A = the initial loss due to the establishment of the modes on the helix and 
lies in the range from —6 to —9 decibels. 


B =a gain coetficient that accounts for the effect of circuit attenuation 
and space charge. 


C =a gain parameter that depends upon the impedances of the circuit 
and the electron stream 


F2 as 
x, 
(c/v)?P 8Vo 


Ip = beam current 


| 


ss 
Oo 
T 


beam voltage 
N’ = number of active wavelengths in tube 
(1/Xo) (c/v) 


1= axial length of the helix 


I 


Xo = free-space wavelength 


< 
| 


phase velocity of wave along tube 
¢ = velocity of light 


The term E?/(w/v)?P is a normalized wave impedance that may be defined 
in a number of ways. 


In practice, the attenuation of the circuit will vary along the tube and the 
gain per unit length will consequently not be constant. The total gain will be 
a summation of the gains of various sections of the tube. 
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Commonly, C is of the order of 0.02 to 0.2 in helix traveling-wave tubes. 
The gain of low- and medium-power tubes varies from 20 to 50 decibels 
with 30 decibels being a common value. The gain in a tube designed to 
produce appreciable power will vary somewhat with signal level when 
the beam voltage is adjusted for optimum operation. Fig. 25 shows a typical 
characteristic. 


relative power output 


10% 10° 


relative power input 


Fig. 25—Gain of traveling-wave tube as a function of input level and beam voltage. 
Eo1 < Eve < Eps. 


To restrain the physical size of the electron stream as it travels along the 
tube, it is necessary to provide a longitudinal magnetic field of a strength 
appropriate to overcome the space-charge forces that would otherwise 
cause the beam to spread. In most cases, an electromagnet is used to provide 
the field, but permanent-magnet structures have been used experimentally. 


Other types of slow-wave circuit in addition to the helix are possible, 
including a number of periodic structures. In general, such designs are 
capable of operation at higher power levels but at the expense of band- 
width. 


Traveling-wave-tube performance data 


Traveling-wave tubes are designed to emphasize particular inherent 
characteristics for specific applications. Three general classes are dis- 
tinguished. | 


Low-noise amplifiers: Tubes of this class are intended for the first stage of 
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a receiver and are proportioned to have the best possible noise figure. 
This requires that the random variations in the electron stream be mini- 
mized and that steps be taken also to minimize partition noise. Tubes have 
been made with noise figures of around 7 decibels in the frequency range 
from 3000 to 11,000 megacycles. Gains of the order of 20 to 25 decibels 
are customary. The maximum output power will be of the order of a few 
milliwatts. 


Intermediate power amplifiers: These tubes are intended to provide power 
gain under conditions where neither noise nor large values of power 
output are of importance. Gains of 30 or more decibels are customary and 
the maximum output power is usually in the range from 100 milliwatts to 
] watt. 


Power amplifiers: For this class of tubes, the application is usually the output 
stage of a transmitter; the power output, either continuous-wave or pulsed, 
is of primary importance. Much active development continues in this area 
and the values of power that can be obtained are expected to change. 
At this writing, continuous-wave powers range from a few kilowatts in the 
ultra-high-frequency region to approximately 10: watts at 9000 megacycles. 
Tubes especially designed for pulsed operation provide considerably higher 
powers. Efficiencies in excess of 30 percent have been obtained, with 20 
percent being a usual value. Power gains of 30 or more decibels are usual, 


Backward-wave oscillators * 


Although the traveling-wave tube can be made to oscillate by the pro- 
vision of a suitable feedback circuit from output to input, a new type of 
tube that is designed for this purpose gives improved performance for 
many applications. The backward-wave oscillator resembles closely the 
traveling-wave tube except for the fundamental difference that the electron 
stream interacts with a wave whose phase and group velocities are in 
Opposite directions. 


The backward-wave oscillator has a number of useful properties: it may 
be tuned electronically over a wide range of frequencies, an octave or 
more; its frequency is relatively unaffected by the load; and it is stable. 
In the first two respects, it is superior to the reflex klystron. 


=: Kompfner and N. T. Williams, ''Backward-Wave Tubes,” Proceedings of the IRE, vol. 41, 

pp. 1602-1611; November, 1953. H. R. Johnson, “Backward-Wave Oscillators,” Proceedings of 

the IRE, vol. 43, pp. 684-697; June, 1955. R. R. Warnecke, P. Guénard, O. Doehler, and B. 

ee “The ‘M'-type Carcinotron Tube,” Proceedings of the IRE, vol. 43, pp. 413-424; April, 
BS, 
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Backward-wave oscillator tubes are of two general types: low-power 
types suitable for local-oscillator or signal-generator use, having a wide 
tuning range and a power output of from one to tens of milliwatts; and 
high-power types, generally of the transverse-magnetic-field type, having 
power outputs of a hundred watts or more. 


Photometry 


Photometric units 


Light flux is the quantity of light transmitted through a given area/unit 
time. It is expressed in lumens. 


Light intensity J = $/w, or better, ] = d¢/dw = light flux emitted into 
unit solid angle. It is expressed in candles. Experimentally, the candle is 
defined (since 1948) by specifying the brightness of a black body at the 
temperature of freezing platinum (2042 degrees kelvin) as 60 stilb. In German 
literature, the Hefner-candle (HK) is used; 1 (HK) = 0.92 candle. 


Ilumination E = light flux incident/unit projected area, expressed in 
lumens/foot?, or lux = lumens/meter?, or phots = lumens/centimeter?. 
These are commonly called foot-candles, meter-candles, etc., but the word 
candle must here be regarded as a misnomer. 


Brightness B = light intensity/unit projected area, equivalent to light 
flux/unit projected area/steradian. Expressed in (a) candles/foot? or 
stilbs = candles/meter?. Also expressed in (b) 1 lambert = (1/2) stilb, 
or 1 foot-lambert = (1/z) candle/foot?, or 1 apostilb = 1074 lambert, 
etc. Various derived units as 1 candle/meter?, or 1 milli- or microlambert 
(= 10°% or 10°® lambert) occur in the literature. The units under (b) are 
so chosen that they assume the value | for a diffuse emitting surface radiating 
1 lumen/unit area. 


iPhotometric relations 


Wlumination: A point light source of intensity 1 candle illuminating per- 
pendicularly a screen at a distance of r feet causes an illumination of 
I/r? foot-candles on it. 


Lambert’s law: (Not always valid.) A diffusely radiating plane surface 
radiates into a direction forming an angle @ with its normal, a flux propor- 
tional to cos @. A surface obeying Lambert's law has the same brightness 
when viewed from any direction. 
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Brightness of illuminated surfaces: If a diffusely reflecting area of A feet? 
is illuminated from any direction with E foot-candles, it reradiates REA 
lumens into a hemisphere: R is the reflection factor; R = 1 for an ideal white 
area. Its brightness then is RE/a candles/foot? or RE foot-lamberts. 


Optical imaging: In an optical system of light-gathering diameter D and 
focal length f, the ratio f/D = ny is called the f-number. If a surface of 
brightness B candles/foot? is imaged by the system with a linear magnifica- 
tion m, the image is illuminated by 


foot-candles, disregarding lens losses. For an object at infinity, the same 
formula applies with m = 0. Thus, while the amount of flux intercepted by 
the system depends on D, the illumination and brightness depend only 
on ny. 


The brightness of an image can never exceed that of the object; it becomes 
equal to it if the system has no losses and is sharply focussed. This applies 
to the case where object and image lie in the same optical medium; other- 
wise, if no and n; are the refractive indices of the object and image space, 


n,B; < DBs 


General data 


Spectral response of the eye: The 
relative visibility of different wave- 
lengths as experienced by the eye in 
bright light (cone vision) is given in 
Fig. 26. 


Mechanical equivalent of light: A 
light source having a spectral dis- 
tribution as given by Fig. 26 and 
emitting 1 lumen, radiates 0.00147 
watts. 


relative response 


Illumination at Earth’s surface: 


0 
4000 5000 6000 7000 
wavelength in angstrom units 


Sun at zenith = 10,000 foot-candles 


Full moon = 0.03 foot-candles Fig. 26—Spectral response of human eye. | 
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Approximate brightness values: 


Highlights, 35-millimeter movie 0.004 lamberts 
Page brightness for reading fine print 0.011 lamberts 
November football field 0.054 lamberts 
Surface of moon seen from Earth 16  lamberts 
Summer baseball field 3 lamberts 
Surface of 40-watt vacuum bulb, frosted 8 lamberts 
Crater of carbon arc 45,000 lamberts 
Sun seen from Earth §20,000 lamberts 


Colorimetry: This subject is treated with special emphasis on color-television 
requirements in the literature. Two books and three papers are of particular 
interest.* 


Cathode-ray tubest 


A cathode-ray tube is a vacuum tube in which an electron beam, deflected 
by applied electric and/or magnetic fields, indicates by a trace on a 
fluorescent screen the instantaneous value of the actuating voltages 


a Ya a FL Lo 


ABCD e - G r*) 3 K L Mm 


Fig. 27—Electrode arrangement of typical electrostatic focus and deflection cathode- ) 
ray tube. A-heater, B=-cathode, C-control electrode, D=-screen grid or pre-accelerator, © 
E-focusing electrode, F—accelerating electrode, G-deflection-plate pair, H-deflection- — 
plate pair, J-conductive coating connected to accelerating electrode, K-intensifier- — 
electrode terminal, L-intensifier electrode (conductive coating on glass), M-fluorescent — 
screen. 


*D. G. Fink, “Television Engineering,” 2nd edition, McGraw-Hill Book Company, Inc., New 
York, New York; 1952. M. S. Kiver, “Color Television Fundamentals,'"’ McGraw-Hill Book 
Company, Inc., New York, New York; 1955. F. J. Bingley, “Colorimetry in Television,” Pro- 
ceedings of the IRE, vol. 41, pp. 838-851; July, 1953: vol. 42, pp, 48-51 and 51-57; January, 1954. 


+ K.R. Spangenberg, "Vacuum Tubes," Ist ed., McGraw-Hill Book Company, Inc., New York, | 
New York; 1948. 
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and/or currents. A typical high-intensity cathode-ray tube with post- 
deflection acceleration is shown in Fig. 27. 


Formulas for deflection 


Electric-field deflection: |s proportional to the deflection voltage, inversely 
proportional to the accelerating voltage, and deflection is in the direction of 
the applied field (Fig. 28). For structures using straight and parallel deflection 
plates, it is given by 


ee al! 
2E,A 
where 
D = deflection in centimeters 
Ea C: accelerating voltage Fig. 28—Electrostatic deflection. 
Eg = deflection voltage 
1 = length of deflecting platés or deflecting field in centimeters 


L = length from center of deflecting field to screen in centimeters 
A = separation of plates 


Magnetic-field deflection: Is proportional to the flux or the current in the 
coil, inversely proportional to the square 
root of the accelerating voltage, and de- 
flection is at right angles to the direction 
of the applied field (Fig. 29). 


Deflection is given by 


0.3L/H 


D = —— 
VE, 


Fig. 29——Magnetic deflection. 


Where H = flux density in gausses 
1 = length of deflecting field in centimeters 


Deflection sensitivity: Is linear up to frequency where the phase of the de- 
Nlecting voltage begins to reverse before an electron has reached the end of 
the deflecting field. Beyond this frequency, sensitivity drops off, reaching 
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zero and then passing through a series of maxima and minima as n = I, 2, 
3,.... Each succeeding maximum is of smaller magnitude. 


De hea nn V/.c 


Daca ni is 
2 


AMS 


where 


D = deflection in centimeters 

v = electron velocity in centimeters/second 

c = speed of light (3 X 101° centimeters/second) 
h = free-space wavelength in centimeters 


Magnetic focusing: There is more than one value of current that will focus. 
Best focus is at minimum value. For an average coil 


IN 


220 (Vod/#) 1? 


IN = ampere turns 
Vo = accelerating voltage in kilovolts 


d = mean diameter of coil 


f = focal length 
a) ave 


wlio 


d and f are in the same units. A well-de- Me 7 SSS 
. ° . . 5 sor iron J 
signed, shielded coil will require fewer SOSSSSSSS 


YY 
Os 
Oe 
() 
« 
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ampere turns. 


x 
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y 


i ia 


Example of good shield design (Fig. 30): 


Fig. 30—Magnetic focusing. 
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Cathode-ray tubes 


continued 


Cathode-ray tube phosphors* 


designation 


P4, silicate 


P4, silicate—sulfide 


phosphorescent| angstrom units 


—eeee ee | 


OO —_ 


spectral range 
between 10% 
points in 


4900-5800 
4500-6400 
5040-7000 
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spectral peak 
in angstron 
units 


persistance 
(approximate 
time to decay 


to 10% of peak) 


20 milliseconds 
Long 


13 milliseconds 


a a 


a 


———— | | 


color 
fluorescent. | 

Green Green 
Blue-green Green 
Yellow Yellow 
White White 
White Blue 
White Yellow 
Blue Blue 
White White 
Blue-white Yellow 


Dark-trace: color depends on ab- 


sorption characteristics, type of 


illumination 
Blue 
Orange 


Purple 


Blue-green 


Violet and near 
ultraviolet 


Greenish-yellow 


White 


Orange 
Yellow-green 
Yellow 


Tricolor 


White 


Blue-green 


Orange 


—_—_—_—_——— | EE 


Blue-green 


Violet and near 
ultraviolet 


Yellow 


3900-6630 


3260-7040 


3300-6990 


3480-5750 
4160-6950 


3900-6500 


4000-5500 


4000-5500 


5450-6800 
3900-7100 


3700-6050 


3350-4370 


3800-6350 


2 components: 
5650, 4400 


2 components: 
5400, 4100 


2 components: 
5400, 4350 


2 components: 
$630, 4600 


2 components: 
5580, 4400 


2 components: 
6010, 4400 


2 components: 
§040, 3910 


3700 


2 components: 
4500, 5540 


3260-7040 


2 components: 
5400, 4100 


Yellow-green 


Yellow 


White 


5450-6650 
4600-6490 
5540-6500 
3900-6800 


4000-7200 


6060 


3 components: 


6430, 5260, 4500 


2 components: 
§750, 4600 


Blue-green 


4260-6400 


ee | 


Orange 


5300-7 100 


Not over 7% of 
peak in 33 mil- 
liseconds 


18 microseconds 

800 microseconds 

One long, one 
short 


Very long 


2 milliseconds 
Medium long 


One short, one 
medium long 


3 microseconds 
§ microseconds 
One long, one 


extremely short 


13 milliseconds 


Very long 
2 milliseconds 
Very long 


One short, two 
medium 


Short 


1.5 microseconds 


Very long 


* Source: Joint Electron Tube Engineering Council, Committee 6 on Cathode-Ray Tubes. 
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Photosensitive tubes* 


Photoemission 


If monochromatic light impinges on a cathode, electrons are emitted. Such 
electrons are known as photoelectrons. Their number is proportional to 
the incoming light flux, while their energy is independent of it. The energy 
expressed in volts V depends on the wavelength \ according to Einstein's 
law: 


e(V + ¢) = hc/A 
where 
e = electronic charge 


1.6 & 107!8 coulomb 


@ = work function in volts 


h = Planck's constant 


6.6 X 10 *4 joule-seconds 
c = velocity of light 
= 3 X 10! centimeters/second 
If a threshold wavelength Xo is defined by 
ed = hc/Xo 


V is seen to be zero (except for thermal velocities) at the wavelength Ag; 
for X > Xo, there is no electron emission. 


The photosurfaces most in use are 
$1 (silver—cesium): No = 12,000 angstrom units 


20 microamperes/lumen 


yield 
S4 fantimony—cesium): Xo = 6,000 angstrom units 
yield = 50 microamperes/lumen 


where the yield data give the representative response to white light - 
(2870-degree-Kelvin tungsten filament). Another way of specifying the 
yield, applicable only for monochromatic light, is the quantum equivalent 
Q; i.e., the number of electrons emitted/incoming photon (hc/X). For the 
S1 surface, Q is approximately 1.5 percent at 4000 angstrom units and— 


* Only photoemissive electron tubes are considered here. Photoconductive and photovoltaic 
devices are usually not built in the form of tubes. 
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0.8 percent at 8000 angstrom units. $4 layers have a peak response near 
4500 angstrom units, with Q = 16 percent. The quantum equivalent decreases, 
in all surfaces, to very low values at the threshold wavelength. Pure metals 
are photoemissive in the ultraviolet and all substances will emit electrons 
under X-ray irradiation. 


Vacuum phofotubes 


The cathode is a solid metal plate or a translucent layer on the glass wall. 
The anode may be a plate, rod, or wire screen. Except for very-strong 
light or unfavorable circuit conditions, a few volts 
suffice to saturate the photocurrent. The battery 
E, Fig. 31, has to provide, besides this accelerating 
potential, the voltage drop across resistor R;. The 
familiar graphical load-line method applies in this 
case. Fig. 31—Phototube circuit. 


The saturation current is proportional to the incoming light flux. Exceptions 
may occur at the very-lowest light levels (dark current from thermionic 
emission at room temperature, important only in S] surfaces) and at the 
highest ones, where space charge may prevent saturation or, in translucent 
cathodes, the conductivity of the cathode may not suffice to provide the 
full photocurrent. The most important noise source (other than light fluctua- 
tions or background illumination) is the shot effect accompanying the photo- 
current. 


Gas phototubes 


In tubes not containing a high vacuum, ionization by collision of electrons 
with neutral molecules may occur so that more than one electron reaches 
the anode for each originally emitted photoelectron. This ‘gas amplifica- 
tion factor” has a value of between 3 and 5; a higher factor causes instabili- 
ties. Gas tubes operation is restricted to frequencies below 10,000 cycles/ 
second. 


Secondary electron emission from metals 


If a metal is bombarded with electrons of V volts velocity, it reemits electrons 
that can be detected if the field near the surface is such as to accelerate 
these electrons away from the metal. This is the process of secondary 
emission and the electrons are termed secondary electrons. The returning 
electrons form two groups: one with velocities equal or almost equal to 
that of the primaries (reflected electrons) and one with a velocity of 2-10 
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volts for 20 < V < 1000 volts (true secondaries). The two groups cannot 
be distinguished at V < 20 volts. 


The secondary-emission factor K is defined as the ratio (true secondaries) / 
(primaries). Factor K has a maximum at V = Vm (400-1000 volts, depending 
on the material). This maximum may range from < 1 (for carbon) to < 2 for 
most pure metals, but in some alloys, K rises to as much as 12. At higher 
values of V, factor K decreases and goes below | at a few thousand volts. 
At V < Vm there is a decrease again and K reaches the value | at about 
25-50 volts for good secondary-emitting alloys. 


Where high secondary emission is desired, one of the following alloys is 
commonly used: silver—cesium, antimony—cesium, silver-magnesium, beryl- 
lium—copper. These show at 100 volts, values of K from 2.5 to 4. 


Multiplier phototubes 


Secondary-emission multiplication is used to provide amplification of weak 
currents in multiplier phototubes. A typical structure is shown in Fig. 32. 
Photoelectrons from the photocathode are focussed electrostatically onto 
the first secondary-emitting dynode, 1. The resulting secondary electrons — 
are then focussed on dynode 2, and so on. With each successive dynode, — 
the current is amplified by the secondary emission factor, K, or a total of K” 
times for n stages. The current is finally collected on an output electrode, 
usually called the collector. 


photocathode 


Multiplier circuits: The voltage steps 
from stage to stage are usually made 
equal. Occasionally, the first or last step 
(cathode to Ist dynode or last dynode 
to collector) is made larger; the former 
has the effect of increasing the first- 
stage gain which reduces the noise, 
while the latter is done to relieve space- 
charge limitations at the output. 


multiplier « 


collector 
The electrons hitting stage j (Fig. 33) 
constitute a current J; leaving stage 
j, while Ij41 = KJ; flows into stage j. | 4 
It is seen from the figure that these Fig. 32—Six-stage multiplier phototube. 
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currents are completed through the divider. It is common practice to make 
the divider current at least 10 times the output signal, or in an n-stage 
multiplier, 


Ra < E/10(n + Nie 


The load resistor R; is determined by bandwidth considerations. It is paral- 
lelled by the output capacitance of the multiplier (8-5 micromicrofarads) 
and the input capacitance of the following stage. 


cathode collector 


/ 


Fig. 33—Circuit of multiplier phototube. 


Multiplier signal and noise: The upper frequency limit of a multiplier 
{usually about 30 megacycles) is determined by the transit-time spread, i.e., 
the differences in transit times between the individual electrons. 


lf the photocathode receives L lumens and emits S amperes/lumen, then 
LS amperes flow into the first stage and the output current at the collector 
is LSK”. Even if the light flux is free of fluctuations, the cathode current LS 
will carry shot-effect noise, with a root-mean-square value of 


Ton = (2 LS eF)” 
where 


e = electronic charge 


F 


bandwidth in cycles/second 
The output noise current is then 
& = iden 


where the factor k arises from the fact that secondary emission is itself a 
random process. Approximately, 


k = [K/(K — 1)]” 


This assumes that no other noise sources are present, such as leakage, 
Positive ions, or a ripple in the applied voltage. In the neighborhood of 
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V, = 100 V/stage, factor K is proportional to V.%, where @ lies between 
0.5 and 0.7; hence p-percent ripple on the applied voltage E would give 
nap-percent ripple in the collector current. 


Image dissector 


The image dissector is a television camera tube having a continuous photo- 
cathode on which is formed a photoelectric emission pattern that is scanned 
by moving its electron-optical image over an aperture. 


Principle of dissector operation: From the optical image focused on the 
photocathode (Fig. 34), an electro-optical image is derived that is focused in 
the plane containing the aperture. Two sets of scanning coils sweep this 
image over the aperture. At any instant, only the electrons entering the 
electron multiplier through the aperture are utilized. The output signal is 
taken from the multiplier collector. 


s 7 47 WIT VV KL LX KK 
COOOL 
PKR R RK KKK KKK KKAK KAR MH vertical ‘ deflecting tal 


OCOOOOOOOEOOOOOOOOOOOOO% it z : ntal 
+ 
<A a x 


focusing coil 


(—)O 


translucent 
photocathode 


multiplier outpul 


accelerating rings multiplier 


DKK KKK KAKA XAK KKK KKK aperature 
CECE EEE CEO LOA anode 


ORR RRR KKK 


a oS cS DOLD 


Fig. 34—Image dissector. 


No storage means are used, and therefore, the dissector is not suitable 
at very-low light levels. But the output signal is proportional to the light, 
free from shading, and, within reasonable limits, independent of tempera-- 
ture. | 


With a long focus coil (as in Fig. 34), the electron-optical magnification - 
from cathode to aperture is unity. With a short focus coil it is possible to | 
obtain a magnification m with 4 < m < 3. If a is the aperture area, a picture 
element on the cathode has a size a/m?; this determines the resolution. 


S1 or S4 photocathodes may be used. 


Dissector focusing and scanning fields: If the aperture is distant from the 
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cathode by d centimeters and has a voltage of V volts above cathode 
potential, a focusing field of 


Hy = c V“/d 
oersteds is needed; c = 15 (approximately) for first focus. 


To bring into the aperture electrons that originate at a point on the cathode 
r centimeters from center, the instantaneous transverse scanning field has 
to be 


H: = Hor/d 


Dissector signal and noise: Let 

S = sensitivity of cathode in amperes/lumen 

E = illumination on cathode in foot—candles 

e = electronic charge 
= 1.6 X 10 7% coulomb 

F = bandwidth in cycles/second 

k = noise contribution of multiplier (see “Multiplier phototubes”’, p. 409) 
= 1.25 (approximately) 

G = multiplier gain 


a = aperture area in feet? 


m = magnification 

Then, signal output current 
te = SE (a/m?) G 

and the noise output current 


I, = k[2 SEe (a/m?) F]” G 


To take account of the dark noise, E should be replaced by E + E, in the 
noise formula, where Eg is about 0.01 footcandles for an S] photocathode 
and about 5 X 10 ® footcandles for S4. 


For a frame of area A; and a frame time Ty, containing N picture elements, 
ie Asm?/N 


ae ee ae 
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Image orthicon 


The image orthicon is a television camera tube having a sensitivity and 
spectral response approaching that of the eye. Commercially acceptable 
pictures can be obtained with incident illumination levels 2 10 foot—candles. 


As shown in Fig. 35, the tube comprises three sections: an image section, a 
scanning section, and a multiplier section. 


translucent ~ target horizontal and vertical focusing alignment electron 5-stage 
photocathode deflecting coils coil coil gun multiplier 


CCCEOMECEE EEE OOOO OLD OA 
etl — D> RK XX XX XXX KRKRAK AA 


Pesce Preece ete e tee ceeeg, Scannj 
pe telat bain Sg beam 
*0eees 


WOOO Pas RS a he an, ete Gh See 
ce 


OOO NO TOx 


J KXXXXXXX 
RESRCECEMRECEOCECECOMCECECEECOH 
accelerator  decelerator : grid 2 and multiplier 
grid 6 grid 5 grid 4 grid 3 dynode f outpu 


Fig. 35—Image orthicon. By Permission of RCA, copyright proprietor. 


Principle of orthicon operation: From the light image focused on the photo- 
cathode, an electron image is derived that is accelerated to and mag- 
netically focused in the plane of the target. These primary electrons striking 
the glass target (thickness of the order of a ten-thousandth of an inch and 
a lateral electrical resistivity of between 3 X 10! and 10” ohm-centimeter) 
cause the emission of secondary electrons that are collected by an adjacent 
mesh screen held at a small positive potential with respect to target-voltage 
cutoff. The photocathode side of the target thus has a pattern of positive 
charges that corresponds to the light pattern from the scene being televised; 
since the glass target is very thin, the charges set up a similar potential 
pattern on the opposite or scanned side of the glass. 


In the scanning section, the target is scanned by a low-velocity electron: 
beam produced by an electron gun. The beam is focused at the target by. 
means of the axial magnetic field of the external focusing coiland the electro- 
static field of grid 4. The decelerating field between grids 4 and S is shaped | 
such that the electron beam always approaches normal to the plane of the 
target and is at a low velocity. If the elemental area on the target is positive, 
then electrons from the scanning beam deposit until the charge is neutralized; 
if the elemental area is at cathode potential (i.e., corresponding to a black. 
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picture area), no electrons are deposited. In both cases the excess beam 


electrons are turned back and focused into a 5-stage signal multiplier. The 
charges existing on either side of the target glass will by conductivity 
neutralize each other in less than one frame time. Electrons turned back 
at the target form a return beam that has been amplitude-modulated in 
accordance with the charge pattern of the target. 


Alignment of the electron beam is accomplished by the transverse magnetic 
field of the external alignment coil. Deflection of the beam is produced by 
the transverse magnetic fields of the external horizontal and vertical 
deflecting coils. 


In the multiplier section, the return beam is directed to the first stage of 
the electrostatically focused, 5-stage multiplier where secondary electrons 
are emitted in quantities greater than the striking primary electrons. Grid 3 
facilitates a more complete collection by dynode 2 of the secondary 
electrons from dynode 1. The gain of the multiplier is high enough that the 
limiting noise in the use of the tube is the random noise of the electron 
beam rather than the input noise of the video amplifier. 


For highlights in the scene, the grid of the first video-amplifier stage will 
swing positive. 


Orthicon operating considerations: The temperature of the entire. bulb 
should be held between 45 and 60 degrees centigrade since low target 
temperatures are characterized by a rapidly disappearing “sticking picture” 
Of opposite polarity from the original when the picture is moved; high 
temperatures will cause loss of resolution and damage to the tube. 


An over-all potential of 1750 volts is necessary to operate the tube (+1250 
volts at 1 milliampere, —5O0 volts at 1 milliampere, and +330 volts at 90 
milliamperes for the voltage divider and typical focusing and alignment 
coils). 


The video amplifier should be designed to accept a range of alternating- 
current signal voltages corresponding to signal-output currents of 1 to 30 
microamperes (depending on the tube type) in the load resistor. Resolution 
of 300 lines at 70-percent modulation and 600 lines at 15 percent can be 
Produced when the photocathode highlight illumination from a Radio- 
Electronics-Television Manufacturers Association Standard Test Chart is 
above the knee of the output-current versus photocathode-illumination 
curve, 


The maximum band pass of the amplifier can be determined* as follows: 


yh G. Fink, “Television Engineering,” 2nd edition, McGraw-Hill Book Company, Inc., New 
York, New York; 1952. 
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frnax = 4 kmn?f (w/h) (ky/ka) 


fnax = amplifier band pass in cycles/second 


k = vertical resolution factor, representing the effect of random 
positioning of the picture elements with respect to the transmitter 
scanning lines, usually 70.7 percent 


m = horizontal resolution divided by the vertical resolution 
n = number of lines in the picture 
f = number of picture frames/second 


w/h = aspect ratio 
= (picture width) / (picture height) 


k, = fraction of total field time devoted to scanning picture elements 


k, = fraction of line-scanning time during which the scanning lines are 
active 


Full-size scanning of the target should always be used during operation. 
The blanking signal, a series of negative-voltage pulses, should be supplied 
to the target to prevent the electron beam from striking the target during 
retrace. In the event of scanning failure, the beam must not reach the target. 


typical signal output in microamperes 


~ 0.0001 0.001 10 
highlight illumination on photocathode in see aes 


Fig. 36—Basic light-transfer characteristic for types 5820 and 5826 image orthicons. The | 
| curves are for small-area highlights illuminated by tungsten light, white fluorescent | 
light, or daylight. By Permission of RCA, copyright propriefor. - 
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It is necessary to add a shading-correction signal, of sawtooth shape and 
of horizontal-scan frequency, to the video signal after it has been clamped 
to obtain a uniformly shaded picture. 


The illumination on the photocathode is related to the scene illumination 
by the formula for optical imaging given on p. 401. 

Orthicon signal and noise: Typical signal output current for the types 5820 
and 5826 are shown in Fig. 36. 


The tubes should be operated so that the highlights on the photocathode 
bring the signal output slightly over the knee of the signal-output curve. 


The spectral response of 


the types 5820 and 5826 Ss 5 3s 3 3 3 
: . ; : ein & = 7 9 
is shown in Fig. 37. It will be >> 2 : 
noted that when a Wratten = ty 


6 filter is used with the 
tube, a spectral curve 
closely approximating that 
of the human eye is ob- 
tained. 
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From the standpoint of a 


noise, the total television 
system can be represented 
as shown in Fig. 38 where 
the following definitions 
hold: 


Hl 


bandwidth in cycles/ 


second By 


I, = signal current 
60 


relative eye sensitivity 


I, = total image-orthicon 
noise current 


e = electronic charge 


Pemo < 10 2 cou- 
lombs 


microamperes from photocathode/microwatt incident radiant energy 


Le] 


= image-orthicon beod " 
beam current 3000 4000 5000 6000 7000 8000 
wavelength in angstrom units 


Ene = thermal noise in Ry 
By Permission of RCA, copyright proprietor. 


Ens = shot noise in the in- 


put amplifier tube Fig. 34—Spectral sensitivity of image orthicon. 
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Ry = input load 
C, = total input shunt capacitance 


R, = shot-noise equivalent resistance of the input amplifier 


2.5/gm for triode or cascode input 


= an & + le) for pentode input 


Gm Gm 
gm = transconductance of input tube or cascode combination 


LP! Oa Ens 


from video 
orthicon amplifier output 


Fig. 38—Equivalent circuit for noise in orthicon and first amplifier stage. 


I, = amplifier direct plate current 
I, = amplifier direct screen-grid current 
AN = electron-multiplier noise factor referred to multiplier input 
m = multiplier gain 
km = electron-multiplier noise factor, referred to multiplier output 
= mAN 
o = stage gain in the multiplier 
k = Boltzmann's constant 
= 1.38 X 10° joules/degree Kelvin 
T = absolute temperature in degrees Kelvin 
The noise added per stage is 
An = [o/lo — 1)]” 


For a total multiplier noise figure to be directly usable, it must be referred | 
to’ the first-dynode current, therefore, for 5 multiplier stages, : : 
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An?2 An? 


ee An? An? 
AN = An? + — — + — oe 
Mislloyesidh\ aga ticle: Hi ge 


After combining all noise sources, 


S i 


_ 20,2 M 
™ dF | 201k2 + 4kT( — +24 28)! 
Ry Ry 3 


The signal current is an alternating-current signal superimposed on a larger 
direct beam current. This can be thought of as a modulation of the beam 
current. Properly adjusted tubes obtain as much as 30-percent modulation. 


f= mMI 


where M is the percentage modulation. 


If S/N is now rewritten, 
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In typical television operation, the thermal noise of the load resistor and 
the shot noise of the first amplifier can be neglected. 


Orthicon focusing and scanning fields: The electron optics of the scanning 
section of the tube are quite complicated and space does not permit the 
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Fig. 39—Deflection in image orthicon. 


inclusion of the complete formulas. A simple relationship between the 
Strength of the magnetic focusing field and the magnetic deflection field 
is given below. It should be noted that the electron beam does not reach 
first focus at the target but rather considerably before it reaches the target; 
thus the beam is working at a higher-order focus. This means that the radii 
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Photosensitive tubes continued 


of the focus helixes are kept small and all of the electrons in the beam 
approach the target perpendicular to its surface, thereby avoiding shading 
in the output video signal. Working at a higher-order focus not only 
demands more focus current but also more deflection current. Note the 
deflection path in Fig. 39. Let 


H = horizontal dimension of scanned area or target 


| Sana 
I 


effective length of horizontal deflection field 
Ha = horizontal deflection field (peak-to-peak value) 
Hy, = focusing field 
then 
Hig="H;, A/L 
For the image orthicon, 
H = 1.25 inches 
L = 4 inches 
Hy = 75 gausses 
then 
Hg ~ 23 gausses 
Vidicon 


The vidicon is a small television camera tube that is used primarily in in- 
dustrial television and studio film pickup because of its 600-line resolution, 
small size, simplicity, and spectral response approaching that of the human 
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Fig. 40—Vidicon construction. By Permission of RCA, copyright proprietor. 
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eye. As shown in Fig. 40, the tube consists of a signal electrode composed 
of a transparent conducting film on the inner surface of the faceplate; a 
thin layer (a few microns) of photoconductive material deposited on the 
signal electrode; a fine mesh screen, grid 4, located adjacent to the photo- 
conductive layer; a focusing electrode, grid 3, connected to grid 4; and 
an electron gun. 


Principle of vidicon operation: Each elemental area of the photoconductor 
can be likened to a leaky capacitor with one plate electrically connected 
to the signal electrode that is at some positive voltage (usually about 20 
volts) with respect to the thermionic cathode of the electron gun and the 
other plate floating except when commutated. by the electron beam. 
Initially, the gun side of the photoconductive surface is charged to cathode 
potential by the electron gun, thus leaving a charge on each elemental 
capacitor. During the frame time, these capacitors discharge in accordance 
with the value of their leakage resistance, which is determined by the amount 
of light falling on that elemental area. Hence, there appears on the gun 
side of the photoconductive surface a positive-potential pattern corre- 
Sponding to the pattern of light from the scene imaged on the opposite 
surface of the layer. Even those areas that are dark discharge slightly, since 
the dark resistivity of the material is not infinite. 


The electron beam is focused at the surface of the photoconductive layer 
by the combined action of the uniform magnetic field and the electrostatic 
field of grid 3. Grid 4 serves to provide a uniform decelerating field 
between itself and the photoconductive layer such that the electron beam 
always approaches the surface normally and at a low velocity. When the 
beam scans the surface, it deposits electrons where the potential of the 
elemental area is more positive than that of the electron-gun cathode and 
at this moment the electrical circuit is completed through the signal-electrode 
circuit to ground. The amount of signal current flowing at this moment 
depends upon the amount of discharge in the elemental capacitor, which in 
turn depends upon the amount of light falling on this area. The signal 
polarity is such that highlights in the scene swing the first video-amplifier- 
tube grid negative. 


Alignment of the beam is accomplished by a transverse magnetic field 
Produced by external coils located at the base end of the focusing coil. 


Deflection of the beam is accomplished by the transverse magnetic fields 
Produced by external deflecting coils. 
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Vidicon operating considerations: The temperature of the faceplate of the 
tube should never exceed 60 degrees centigrade in either operation or 
storage. As the temperature increases, both the signal output current and the 
dark current (current that flows when the photoconductive surface receives 
no light) increase; however, the dark current increases faster and shading 
(unequalness of dark current at different points on the surface) in the output 
signal current becomes a serious problem. Further, as the signal-electrode 
voltage is increased, the signal output-current-to-dark-current ratio 
decreases, thus increasing the shading problem. 


Shielding of both the signal electrode and signal lead from external fields 
is highly important. 


A blanking signal should be furnished to grid ] or to the cathode to prevent 
the electron beam from striking the photoconductive surface during retrace 
of the horizontal and vertical sweeps. Failure of scanning for a few minutes 
may permanently damage the photoconductive surface. Full-size scanning 
of the surface should always be used. 


The video amplifier should be capable of handling input signals of from 0.02 
to 0.4 microampere through the signal-electrode load resistor. Typical 
signal output current versus illumination on the tube face is shown in Fig. 4]. 
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By Permission of RCA, O01 02 0406 10 20 4060 10 20 
copyright proprietor. jHlumination on tube face in foot-candles 


It will be noted from the curve that the gamma of the tube is less than one. 
The illumination falling on the tube face can be computed from the formula 
for optical imaging given on p. 401. 


Vidicon signal and noise: Since the vidicon acts as a constant-c urrent 
generator as far as signal current is concerned, the value of the load 
resistor is determined by band-pass and noise considerations in the input 
circuit of the video amplifier. The band pass is determined the same as for 
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Photosensitive tubes continued 

the image orthicon on p. 413. Where the signal current is less than 1] micro- 
ampere and the band pass is relatively wide, the principal noise in the 
system is contributed by the input circuit and first tube of the video amplifier. 
To minimize the thermal noise of the load resistor, its resistance is made 
much higher than the flat-band-pass considerations would indicate, since 
the signal voltage increases directly and the noise voltage increases as 
the square root. To correct for the attenuation of the signal with increasing 
frequency, the amplitude response of the video amplifier must have the 
following form: 


(1 + 4a°F2CyR,?)? 
OF. 9 a aa Ce tines ape to 


G=G 


where Go = unequalized amplifier gain, Fig. 42. 


from video 
vidicon amplifier output 


Fig. 42—Input circuit for first-stage amplifier in vidicon circuit. 


The signal-to-noise ratio is 


ee: L 
N l Rt 4m°C17F?R; 1/2 
ir — = ae ee 20/, 
| ( R, Se R + 3 -+|- +a) | 
where 


I, = vidicon signal current 

Iq = vidicon dark current 

Enz = thermal noise in input resistor 

Ens = shot noise of input amplifier tube 

Ry = input load 

C; = total input shunt capacitance 

R; = shot-noise equivalent resistance of input amplifier 
For triode or cascode input, 

R: = 2.5/gm 
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and for pentode input, 


I, (= ta) 
Re = -———(— + 
EES Wey Om 


where 


RUSEEL: 
CNR 
ces 
oh hea 
NN 


80 


Qm = transconductance 
60 


I, = direct plate current 


amplitude response in arbitrary units 


I.2 = direct screen current 
e = electronic charge 


= 1.46 10 ” covlombs 


4.5-megacycle 
bandwidth 

. . andwi 

It will be noted from the signal-to- 20 


noise equation that the shot noise 


of the first amplifier tube is amplli- 
fied in a frequency-selective man- pray 


ner, whereas the thermal noise of o) 200 400 600 
the load resistor has a flat fre- number of Velevis oe 


quency distribution. For a given 

bandwidth, as the load resistor is Fig. 43—Vidicon resolution, showing un- 
; 4 compensated and compensated horizontal 
increased in value, the frequency at responses and equivalent amplitude re- 
which equalization starts becomes sponse. Highlight signal-electrode micro- 


: amperes = 0.35; test pattern = transparent 
lower and thus the shot-noise power square-wave resolution wedge; 80 fele- 


increases in proportion to the ther- vision lines = 1I-megacycle bandwidth. 
mal-noise power. Finally, a point is 

reached where the required equalization ratio is physically difficult to 
achieve (about 50-to-1 is maximum for a typical industrial television appli- 
cations). 


By Permission of RCA, copyright proprietor. 


The resolution of a typical tube is shown in Fig. 43. The equivalent amplitude 
response, which is shown, is expressed by the equation, 


(Equivalent amplitude response) = (RyRp,) 7 
where R, and R, = vertical and horizontal amplitude responses, respectively. 


The vidicon has such a high inherent signal-to-noise ratio that aperture 
equalization for the scanning beam can be used when high incident illumina- 
tion is available. An expression of the form: 


= 1/1 + kie® + kowot +. 


Photosensitive tubes 


continued 


Fig. 44—Vidicon persistence characteristic. 
Scanned area of photoconductive layer 
= Ya by ¥ inch; initial output = 0.2 
microampere. 


By Permission of RCA, 
copyright proprietor. 


may be used to approximate the 
equivalent admittance of the tube. 
Since the scanning beam is symmet- 
rical (1 + cos x), no phase dis- 
tortion accompanies the reduction 
in amplitude of the higher-fre- 
quency components of the signal. 
In practice, the function is very 
nearly 


y = 1/1 + kw?) 


and the correction circuit must then 
have the inverse response = | + 
kyw*. If the curve in Fig. 43 is fitted 
with asymptotes, one of which has a 
zero slope and the other a /12- 


decibels-per-octave slope, then ky 
is found to be 0.0064 X 10°”. 


Aperture equalization 
amplifies high-frequency 
noise; the equation is 


ERA 
N  (4kTN) 4 
where : 


Fig. 45—Vidicon spectral re- 
sponse. Response with 2870- 
degree-Kelvin tungsten light 
compares to eye response. 
Scanned area of Y2 by % 
inch gives 0.02-microampere 
output. 


microamperes/ microwatt of radiant energy:all wavelengths 
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A = (Ri + Rd F + (F8/3) (8a2Co2Ri8 + B2?Co?RPR, + 4r?Cy?RPRz) 
+ (F5/5) (16m4Co!Ri5 + 16m4CotRR, + 32a4C y?Co’Ri*Re) 
AL (FT/7) (64m ®Cy2CeAR ER) 

RiCo = ki 


Persistence or lag of the photoconductive surface is shown in Fig. 44. More 
incident illumination and less signal-electrode voltage are helpful in reducing 
this effect. Fig. 45 shows the spectral response of the vidicon. 


Gas tubes* 


lonization 


A gas tube is an electron tube in which the pressure of the contained gas 
is such as to affect substantially the electrical characteristics of the tube. 
Such effects are caused by collisions between moving electrons and gas 
atoms. These collisions, if of sufficient energy, may dislodge an electron — 
from the atom, thereby leaving the atom as a positive ion. The electronic 
space charge is effectively neutralized by these positive ions and com- 
paratively high free-electron densities are easily created. 


Fig. 46—lonization properties of gases. 


ionization collision 
energy probability ¢ 
gas in volts : 
Helium 24.5 12.7 
Neon 2Y.5 17.5 
Nitrogen 16.7 37.0 
Hydrogen (Hg) 15.9 20.0 
Argon 15.7 34.5 
Carbon monoxide 14.2 23.8 
Oxygen 13.5 34.5 
Krypton 13.3 45.4 
Water vapor 13.2 56.2) 
Xenon 11.5 62.5 
Mercury 10.4 67.0 


* J. D. Cobine, “Gaseous Conductors” Ist edition, McGraw-Hill Book Company, Inc., New 
York, New York; 1941. 


t From, E. H. Kennard, “Kinetic Theory of Gases,” McGraw-Hill Book Company, Inc., New — 
York, New York; 1938: see p. 149. ? 
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Fig. 46 gives the energy in 
electron—volts necessary to 
produce ionization. The 
column P, is the kinetic- 
theory collision probability/ 
centimeter of path length 
for an electron in a gas at 
15 degrees centigrade ata 
eressure of | millimeter of 
mercury. The collision fre- 
quency is given by the ex- 


pression 

i =vPep 

where 

f, = collisions/second 

P. = collision probability in 
collisions /centimeter / milli- 


meter pressure 


p = gas pressure in milli- 


meters of mercury 
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breakdown voltage 


(gas pressure) X (electrode spacing) 


Fig. 47—Effect of gas pressure and tube geometry on 
gap voitage required for breakdown. 


gas-discharge conduction 


tube voltage 


free space high-vacuum 
conduction, space- 
charge limited 


cathode distance anode 


Fig. 48—Voltage distribution between plane parallel 
electrodes showing effect of space-charge neutral- 
ization. 


Characteristics of gas tubes 


The more-important parameters that determine the effect gas will have on 


tube operation are qualitatively described in Figs. 47-49. 


Cathodes of gas tubes 


Cold-cathode gas tubes require several hundreds of volts tube drop and 
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operate with currents of © | | 

ATF o ©| Townsend glow ore 
tens of milliamperes. The BS! discharge | ae hare ae 
discharge reflects the en- os I u 


tire characteristic of Fig. 
49. The advantages are 
simplicity of construction 
and circuit, long life, and 
reliability. 


breakdown 
voltage 


tube voltage 


maintaining 
| voltage 
Fig. 49—Typical volt-ampere 
characteristic of gaseous dis- 
charge. 


microamperes | milliamperes 


amperes 


tube 
current 


Hot-cathode gas tubes require several tens of volts tube drop and conduct 
currents that depend primarily on the cathode emission capabilities. In 
general, the discharge does not exhibit the characteristic of region | of 
Fig. 49. The advantages are high tube currents with low power losses. 


Mercury-pool cathodes provide an electron supply from an arc spot on. 
a pool of mercury. The discharge operates in region Ill of Fig. 49. The 
mercury vapor is ionized and can conduct hundreds of amperes at tube 
voltages of approximately 10 volts. 


unregulated regulated 


Fig. 50—Gas-tube regulator direct- direct- 
circuit at right and regulator- voltage voltage 
tube characteristics below. input output 


regulation current 


tube regulation limits in 

fype level in volts milliamperes 
OA2 150 sono)6) 
OA3/VR75 75, 5-40 
OB2 105 00] 
OC3/VR105 105 5-40 
OD3/VR150 150 5-40 
874 90 10—50 
991 60 0.4—2.0 
5651 87 eae RS) 


Applications of gas tubes 


Relaxation oscillators, trigger tubes, and step switching tubes (see p. 476) 
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all make use of the wide difference between the breakdown and main- 
taining voltages of a glow-discharge device. 


Voltage-regulator tubes take advantage of the tube-current independence 
of tube voltage in the glow-discharge region of a cold-cathode tube (Fig. 50). 


Low-impedance switching tubes are a new class under development. These 
tubes are glow-discharge devices that have static impedance levels of 
perhaps 10,000 ohms but have zero or even negative dynamic impedances. 
Thus the tube performs as a relay and transmits information with negligible 
loss as well. 


Power rectifier and control tubes: Mercury-vapor rectifiers, thyratrons 
(see p. 314), and ignitrons employ the very-high current-carrying capacity of 
gas discharge tubes with low power losses for rectification and control in 
high-power equipment. The operation of mercury-vapor tubes is dependent 
On temperature insofar as tube voltage drop and peak inverse voltages are 
concerned (Fig. 51). 


Fluorescent lamps employ the high efficiency of gas discharges in con- 
junction with fluorescent coatings, to produce radiation in varying 
parts of the visible spectrum. ; 


Noise generators: These gas dis- 
charge tubes produce white noise 
throughout a large part of the 
microwave spectrum and are use- 
ful as standard noise sources for 
measurement purposes. 


peak inverse volts 


TR tubes: Transit—receive tubes 
are gas discharge devices de- 
signed to isolate the receiver 
section of radar equipment from 
the transmitter during the period 
of high power output. A typical tr eo ne4 ee eee ae! 
5 Ge . temperature ° 

a os ee 2 a, Ieee Courtesy of McGraw-Hill Book Co. 
In Fig. 52. The cones in the wave- 

guide form a transmission cavity Fig. 51—Tube drep and arcback voltages 
tuned to Pe transmitter frequency as a function of the condensed mercury 


temperature in a hot-cathode mercury- 
and the tube conducts received vapor tube. , ae 
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antenna 


: 

gas reservoir 
low-power-level signals from the keop-olfta 
antenna to the receiver. When the j electrode 
transmitter is operated, however, the H 

§ 


high-power signal causes gas ioni- 
zation between the cone tips, which 
detunes the structure and reflects 
all the transmitter power to the 
antenna. The receiver is protected WN 
from the destructively high level of 

power and all of te available WS y 
transmitter power is useful output. Fig. 52—Diagram of a tr tube and circuit. 


Microwave gas discharge circuit elements: A new class of gas discharge 
devices under current development are microwave circuit control elements. 
The plasmas of gas discharges are capable, because of the high free-electron — 
density, of strong interaction with electromagnetic waves in the microwave 
region. In general, microwave phase shift and/or absorption results. If used 
in conjunction with a magnetic field, these effects can be increased and made 
nonreciprocal. Phase shift is a result of the change in dielectric constant 
caused by the plasma according to the following equation. 


2 UE _ 0.8 X 107* No 

Eo f,2 

where 

€p = dielectric constant in plasma 

€)9 = dielectric constant in free space 

No = electron density in electrons/centimeter? 
f, = signal frequency in megacycles 


Absorption of microwave energy results when electrons, having gained 
energy from the electric field of the signal, lose this energy in collisions 
with the tube envelope or neutral gas molecules. This absorption is a maxi- — 
mum when the frequency of collisions is equal to the signal frequency and 
the absolute magnitude is proportional to the free-electron density. 
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@ Electron-tube circuits 


Classification 


It is common practice to differentiate between types of vacuum-tube circuits, 
particularly amplifiers, on the basis of the operating regime of the tube. 


Class-A: Grid bias and alternating grid voltages such that plate current flows 
continuously throughout electrical cycle (@, = 360 degrees). 


Class-AB: Grid bias and alternating grid voltages such that plate current 
flows appreciably more than half but less than entire electrical cycle 
(360° > 8, > 180°). 


Class-B: Grid bias close to cut-off such that plate current flows only during 
approximately half of electrical cycle (8, = 180°). 


Class-C: Grid bias appreciably greater than cut-off so that plate current flows 
for appreciably less than half of electrical cycle (8, < 180°). 


A further classification between circuits in which positive grid current is 
conducted during some portion of the cycle, and those in which it is not, is 
denoted by subscripts 2 and 1, respectively. Thus a class-ABs amplifier op- 
erates with a positive swing of the alternating grid voltage such that positive 
electronic current is conducted and accordingly in-phase power is required 
to drive the tube. 


General design 


For quickly estimating the performance of a tube from catalog data, or for 
predicting the characteristics needed for a given application, the ratios — 
given below may be used. 


The table gives correlating data for typical operation of tubes in the various 
amplifier classifications. From the table, knowing the maximum ratings of a 
tube, the maximum power output, currents, voltages, and corresponding load 


Typical amplifier operating data. Maximum signal conditions—per tube. 


class B class B class C 
function class A a-f (p-p) r-f r-f 

Plate efficiency 7 (percent) 20-30 30-60 60-70 65-65 
Peak instantaneous to d-c plate 

current ratio Mi,/I, 1.5-2 3.1 3.1 3.14.5 
RMS alternating to d-c plate 

current ratio Ip/Ip 0.5—0.7 1.1 1.1 1.1-1.2 
RMS alternating to d-c plate 

voltage ratio Ep/E» 0.3-0.5 0.5—0.6 0.5-0.6 0.5—0.6 


D-C to peak instantaneous grid 
current I,/Mi, 0.25-0.1 0.25-0.1 0.15-0.1 
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impedance may be estimated. Thus, taking for example, a type F-124-A 
water-cooled transmitting tube as a class-C radio-frequency power amplifier 
and oscillator—the constant-current characteristics of which are shown in 
Fig. I—published maximum ratings are as follows: 


D-C plate voltage Ey = 20,000 volts 
D-C grid voltage EF, = 3,000 volts 
D-C plate current J, = 7 amperes 
R-F grid current I, = 50 amperes 
Plate input P; = 135,000 watts 
Plate dissipation P, = 40,000 watts 


Maximum conditions may be estimated as follows: 

For 7 = 75 percent P; = 135,000 watts E, = 20,000 volts 
Power output Pp = 7P; = 100,000 watts 

Average d-c plate current Ih = P;/E, = 6.7 amperes 


From tabulated typical ratio “is/Ip = 4, instantaneous peak plate current 
ei, = 41, = 27 amperes* 

The rms alternating plate-current component, taking ratio Ip/Ip = 1.2’ 
I, = 1.2 I, = 8 amperes 

The rms value of the alternating plate-voltage component from the ratio 
E,/E, = 0.6 is Ep = 0.6 Ey = 12,000 volts. 


The approximate operating load resistance R; is now found from 


Se £,/Ip = 1500 ohms 


An estimate of the grid drive power required may be obtained by reference 
to the constant-current characteristics of the tube and determination of the 
peak instantaneous positive grid current Mi. and the corresponding instan- 
taneous total grid voltage “e,. Taking the value of grid bias E, for the given 
Operating condition, the peak alternating grid drive voltage is 


me, = (“e, — E) 

from which the peak instantaneous grid drive power is 

. Pp. a ap vie 

* In this discussion, the superscript M indicates the use of the maximum or peak value of the 


varying component, i.e., Mi, = maximum or peak value of the alternating component of the 
plate current. 
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General design 


An approximation to the average grid drive power P,, necessarily rough due 


, is obtained from the typical ratio 


to neglect of negative grid current 


= lee 


of d-c to peak value of grid current, giving 


7,5, 10: 2e aieegowaits 


Po 


Plate dissipation P, may be checked with published values since 


Pi thie. 0 


grid he Ic 


N 
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ig. 1—Constant-current characteristics with typical load lines AB—class C, CD= 
lass B, EFG—class A, and HJK—class AB. 
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It should be borne in mind that combinations of published maximum ratings as 
well as each individual maximum rating must be observed. Thus, for example in 
this case, the maximum d-c plate operating voltage of 20,000 volts does 
not permit operation at the maximum d-c plate current of 7 amperes since 
this exceeds the maximum plate input rating of 135,000 watts. 


Plate load resistance R; may be connected directly in the tube plate circuit, 
as in the resistance-coupled amplifier, through impedance-matching elements 
as in audio-frequency transformer coupling, or effectively represented by a 
loaded parallel-resonant circuit as in most radio-frequency amplifiers. In 
any case, calculated values apply only to effectively resistive loads, such as 
are normally closely approximated in radio-frequency amplifiers. With 
appreciably reactive loads, operating currents and voltages will in general 
be quite different and their precise calculation is quite difficult. 


The physical load resistance present in any given set-up may be measured by 
audio-frequency or radio-frequency bridge methods. In many cases, the 
proper value of R; is ascertained experimentally as in radio-frequency ampli- 
fiers that are tuned to the proper minimum d-c plate current. Conversely, if 
the circuit is to be matched to the tube, R; is determined directly as in a 
resistance-coupled amplifier or as 


R, = N?R, 


in the case of a transformer-coupled stage, where N is the primary-to- 
secondary voltage transformation ratio. In a parallel-resonant circuit in which 
the output resistance R, is connected directly in one of the reactance legs, 


where X is the leg reactance at resonance (ohms), and L and C are leg induc- 
tance in henries and capacitance in farads, respectively; 


Graphical design methods 


When accurate operating data are required, more precise methods must be 
used. Because of the nonlinear nature of tube characteristics, graphical 
methods usually are most convenient and rapid. Examples of such methods 
are given below. 


_Accomparison of the operating regimes of class A, AB, B, and C amplifiers is 
_ given in the constant-current characteristics graph of Fig. 1. The lines 
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corresponding to the different classes of operation are each the locus 
of instantaneous grid e, and plate es voltages, corresponding to their re- 
spective load impedances. 


For radio-frequency amplifiers and oscillators having tuned circuits giving an 
effectively resistive load, plate and grid tube and load alternating voltages 
are sinusoidal and in phase (disregarding transit time), and the loci become 
straight lines. 


For amplifiers having nonresonant resistive loads, the loci are in general 
nonlinear except in the distortionless case of linear tube characteristics 
(constant ry), for which they are again straight lines. 


Thus, for determination of radio-frequency performance, the constant- 
current chart is convenient. For solution of audio-frequency problems, how- 
ever, it is more convenient to use the (i, — e,) transfer characteristics of 
Fig. 2 on which a dynamic load line may be constructed. 


Methods for calculation of the most important cases are given below. 


Class-C radio-frequency amplifier or oscillator 


Draw straight line from A to B (Fig. 1) corresponding to chosen d-c operating 
plate and grid voltages, and to desired peak alternating plate and grid 
voltage excursions. The projection of AB on the horizontal axis thus corre- 
sponds to ME,. Using Chaffee’s 11-point method of harmonic analysis, lay 
out on AB points: 


se = Mc, e,’’ = 0,866 ME; a 't es! CIO MED 


‘ and 


° ° : if 
to each of which correspond instantaneous plate currents ip’, ip 
ip’’’ and instantaneous grid currents i,’, ic’’ and i,’’’. The operating currents 


are obtained from the following expressions: 


= Pe ie 1 adi Leis ae fic 2 ie 2 io) 
12 te 
7, = : fig’ + 1.73 in?’ + ip’”] a fae . fig’ + 1.73 6!’ + i./””] 
Substitution of the above in the following give the desired operating data. 
| ME Oy 
Power output Po = ROPE. 


Power input P; = Ey i, 
4 ial 


Average grid excitation power = 9 
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Peak grid excitation power = Sita al Be 


. sedate 
Plate load resistance R, = ae 
Pp 
ee : Ee 
Grid bias resistance Ri= 7 
P 
Plate efficiency 7 = = 
Plate dissipation Pp = P; — Po 


The above procedure may also be applied to plate-modulated class-C 
amplifiers. Taking the above data as applying to carrier conditions, the 
analysis is repeated for “°*E, = 2F, and *°'Py = 4Po keeping R; constant. 
After a cut-and-try method has given a peak solution, it will often be found 
that combination fixed and self grid biasing as well as grid modulation is 
indicated to obtain linear operation. 


To illustrate the preceding exposition, a typical amplifier calculation is 
given below: | 


Operating requirements (carrier condition) 
Ex = 12,000 volts Po = 25,000 watts n = 75 percent 


Preliminary calculation (refer to table below) 


Class-C r-f amplifier data for 100-percent plate modulation. 


preliminary detailed 
symbol : 
carrier carrier | crest 
Ey (volts) 12,000 12,000 24,000 
ME,, (volts) 10,000 10,000 20,000 
E. (volts) , = — 1,000 —700 
ME, (volts) — a ie 1,740 1,740 
Ty (amp) 29 28 6.4 
M7, (amp) 4.9 yl] 10.2 
I, (amp) — | 0.125 0.083 
MJ, (amp) — 0.255 0.183 
P; (watts) 35,000 33,600 _ 154,000 
Po (watts) 25,000 25,5:.0 102,000 
Py (watts) — 220 160 
7 (percent) 75 76 66> 
Ry (ohms) 2,060 , 1,960 1,960 
Re (ohms) _— 7,100 7, LOOR 


Eee (volts) = a1105 —110 
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— = 0.6 
E, = 0.6 X 12,000 = 7200 volts 


ie, = 1.41 < 7200 = 10,000 volts 
Po 
l= 
Ey 
Ip = Sie 3.48 amperes 
7200 
MIp = 4.9 amperes 
lp “S214 
ly 
i= - = 2.9 amperes 
Pe 12000 XK 2.9 = 35,000 watts 
M: 
= 45 
Ip 
i= 4.5 X 29 = 13.0 amperes 
k, = Ep = eel = 2060 ohms 
ts, 3.48 


Complete calculation 


Lay out carrier operating line, AB on constant-current graph, Fig. 1, using 
values of Ey, “Ey, and “i, from preliminary calculated data. Operating 
carrier bias voltage, F,, is chosen somewhat greater than twice cutoff value, 
1000 volts, to locate point A. 


The following data are taken along AB: 


= — I3 amp fe es lc semi E, = —1000 volts 
== 10 amp i,/’ = —0.1 amp G.. ==4/40, VOI 
= = 0.3'amp Ce = Osama IE =z. 10/000; volts 


From the formulas, complete carrier data as follows are calculated: 


= - (13 + 1.73 X 10 + 0.3] = 5.1 amp 
Py = eee ae 25,500 watts 
= = [13 +2X 10 + 2 X 0.3] = 2.8 amp 
P; = 12,000 X 28 = 33,600 watts 
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n= a: xX 100 = 76 percent 
eee = 1960 ohms 
t 5.1 


I, = = [17 + 2 (—0.1)] = 0.125 amp 


yp [17 + 1.7 (—0.1)] = 0.255 amp 


Pa LENSES : ee = 220 watts 


Operating data at 100-percent positive modulation crests are now calcu- 
lated knowing that here 


Ex = 24,000 volts R, = 1960 ohms 
and for undistorted operation 
Po = 4 X 25,500 = 102,000 watts ME = 20,000 volts 


The crest operating line A’B’ is now located by trial so as to satisfy the above 
conditions, using the same formulas and method as for the carrier condition. 


It is seen that in order to obtain full-crest power output, in addition to 
doubling the alternating plate voltage, the peak plate current must be in- 
creased. This is accomplished by reducing the crest bias voltage with re- 
sultant increase of current conduction period, but lower plate efficiency. 


The effect of grid secondary emission to lower the crest grid current is taken — 
advantage of to obtain the reduced grid-resistance voltage drop required. 
By use of combination fixed and grid resistance bias proper variation of the 

total bias is obtained. The value of grid resistance required is given by ; 


fe E. pads ee 
by ll 
a notte 8 oA 


and the value of fixed bias by 
Ecc = E, — (UI, Re) 


Calculations at carrier and positive crest together with the condition of 
zero output at negative crest give sufficiently complete data for most 
purposes. If accurate calculation of audio-frequency harmonic distortion is 
necessary, the above method may be applied to the additional points re- 
quired. 


~~. 
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Class-B radio-frequency amplifiers 


A rapid approximate method is to determine by inspection from the tube 
li, — ez) characteristics the instantaneous current, i’, and voltage e’s cor- 
responding to peak alternating voltage swing from operating voltage E,. 

rd 
A-C plate current “I, = — 


o 


D-C plate current Jy = 


A-C plate voltage nt ode = F, — e’, 


(Ee oe nl te 
Power output a ase 

E,i’ 
Power input pel 

Lim 

Tv e's 
Plate efficiency n= a(1 ead ) 

4 E, 


Thus 7 ~ 0.6 for the usual crest value of ME, = 0.8 Ep. 


The same method of analysis used for the class-C amplifier may also be used 
in this case. The carrier and crest condition calculations, however, are now 
made from the same E», the carrier condition corresponding to an alter- 
nating-voltage amplitude of ME,/2 such as to give the desired carrier 
power output. 


For greater accuracy than the simple check of carrier and crest conditions, 
Me radio-frequency plate currents “J,’, “I,’’, MI,/’’, MI,°, — MI,'", 
— “1,/’, and — MI,’ may be calculated for seven corresponding selected 
points of the audio-frequency modulation envelope + “E,, + 0.707 ™E,, 
+ 0.5 “E,, 0, —0.5“E,, — 0.707“E,, and — ME,, where the negative signs 
denote values in the negative half of the modulation cycle. Designating 


ee 2, + (— “’,) 
= “7, — (— MI’,), etc., 


the fundamental and harmonic components of the output audio-frequency 
current are obtained as 


6! Se 5D’ Dr pb’ 
2 = 7 te BOR (fundamental) el ae oy + yen ee 
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oes OG Si Rilame Donon 
re 3 sf 8 4 

nA ch Ss’ i Si Sit M, me D’ a Die Day. 
fe SRDOY PAV eas Uy 3 


This detailed method of calculation of audio-frequency harmonic distortion 
may, of course, also be applied to calculation of the class-C modulated — 
amplifier, as well as to the class-A modulated amplifier. 


Class-A and AB audio-frequency amplifiers 


Approximate formulas assuming linear tube characteristics: 


a aa 
Maximum undistorted power output “Po = aaa 
| ; EF 
when plate load resistance Rj = rp | 3 — | 
Ep 
Pe ee ae 
be 
and 
M 
E avian 
negative grid bias E, = —* (Ate) 
eR a 20s 
giving 
iy 2a be 
maximum plate efficiency 7 = 
OER E 
Mp2 
Maximum maximum undistorted power output MM Pee 1am z 
l'p 
when 
3 ae 
Ri = 2rp Eee ae 
4 ou 


An exact analysis may be obtained by use of a dynamic load line laid out on 
the transfer characteristics of the tube. Such a line is CKF of Fig. 2 which is 
constructed about operating point K for a given load resistance r; from the. 
following relation: 


- -R 
uae mere cera a 
Ry 


where 


R, S, etc., are successive conveniently spaced construction points. 
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Using the seven-point method of harmonic analysis, plot instantaneous plate 
currents ip’, ip’, in’’’, ib, — in ’’, — in’, and — ip’ corresponding to 
+ MF, + 0.707™E,, + 0.5@E,, 0,—0.5@E,,—0.707™E,, and—™E,, where 
0 corresponds to the operating point K. In addition to the formulas given 
under class-B Ars, amplifiers: 


e- 
Ih average = I += me — 


from which complete data may be calculated. 


Class-AB and B audio-frequency amplifiers 


Approximate formulas assuming linear tube characteristics give (referring to 
Fig. 1, line CD) for a class-B audio-frequency amplifier: 


ai, = i,’ 
Py = ame 
2 
P; — —E, bys 
M 
E 
, 
4 Ey 
M 
Rop = 4 ar = AR, 


Again an exact solution may be derived by use of the dynamic load line 
JKL on the (i, — e,) characteristic of Fig. 2. This line is calculated about the 
Operating point K for the given R; (in the same way as for the class-A case). 
However, since two tubes operate in phase opposition in this case, an iden- 
tical dynamic load line MNO represents the other half cycle, laid out about 
the operating bias abscissa point but in the opposite direction (see Fig. 2). 


Algebraic addition of instantaneous current values of the two tubes at each 
value of e, gives the composite dynamic characteristic for the two tubes 
OPL. Inasmuch as this curve is symmetrical about point P, it may be analyzed 
for harmonics along a single half-curve PL by the Mouromtseff 5-point 
method. A straight line is drawn from P to L and ordinate plate-current differ- 
ences a, b, c, d, f between this line and curve, corresponding to eg’’, e9/"’, 
a, ey’, and e,", are measured. Ordinate distances measured upward from 


curve PL are taken positive. 
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Fundamental and harmonic current amplitudes and power are found from 
the following formulas: 


st Hb, lps ee Lob. Up ats ies 
MIp3 = 0.4475 (b + f) + : — 0.578 d — = Ips 
My RL giAl (eee 

0.4475 (b + A — Migs + 0.5 Ips 


2 
MIp3 — : d 


M 
[7 


eee 
ei = O7O07E Tet Pela aa ss Bs 


Even harmonics are not present due to dynamic characteristic symmetry. 
The direct-current and power-input values are found by the 7-point analysis 
from curve PL and doubled for two tubes. 


Classification of amplifier circuits 


The classification of amplifiers in classes A, B, and C is based on the operat- 
ing conditions of the tube. 


Another classification can be used, based on the type of circuits associated 
with the tube. 


A tube can be considered as a four-terminal network with two input termi- 
nals and two output terminals. One of the input terminals and one of the ouft- 
put terminals are usually common; this common junction or point is usually 
called “ground”. 


When the common point is connected to the filament or cathode of the tube, 
we can speak of a grounded-cathode circuit: the most-conventional type 
of vacuum-tube circuit. When the common point is the grid, we can speak of a 
grounded-grid circuit, and when the common point is the plate or anode, we 
can speak of the grounded-anode circuit. 


This last type of circuit is most commonly known by the name of cathode- 
follower. 


A fourth and most-general class of circuit is obtained when the common point 
or ground is not directly connected to any of the three electrodes of the 
tube. This is the condition encountered at uhf where the series impedances 
of the internal tube leads make it impossible to ground any of them. It is also 
encountered in such special types of circuits as the phase-splitter, in which 
the impedance from plate to ground and the impedance from cathode fo 
ground are made equal in order to obtain an output between plate and 
cathode balanced with respect to ground. | 
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Classification of amplifier circuits continued 


Circuit 
schematic 


Equivalent cir- 
cuit, alternating 
current compo- 
nent, class-A op- 
eration 


Voltage gain, A 
for output load 
impedance = Z2 


Input admit- 


or 


grounded- grounded- | grounded-plate 
cathode-follower 


cathode grid 


e 
G 
—pZ2 Z. Z: 
A= yy aie ye eee OS Pr adi 
tptZo hs. tp+Ze A tot (1+) Ze 
= I'pZ2 
pokes 
neglecting Cgp neglecting Cpx neglecting Cyx 
(Z2 includes Cpx) (Z2 includes Cgp) (Z2 includes Cpx) 
Y1 = ju[C, w+ 1—-y) Cop] Y1 = jo[Cgr+ Yi = jo[Copt (I—y) Cox] 


tance 


Equivalent gen- 
erator seen by 
load at output 
terminals 


I+u 
(I— 
y) Corl toy, 


neglecting Cop neglecting Cpx neglecting Cox 
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Classification of amplifier circuits — continued 

Design information for the first three classifications is given in the table on 
page 445, where 

Z2 = load impedance to which output terminals of amplifier are connected 
E, = phasor input voltage to amplifier 

E, = phasor output voltage across load impedance Z» 


A = voltage gain of amplifier = E)/E; 


Y¥; = input admittance to input terminals of amplifier 
w = 20 X (frequency of excitation voltage E;) 
j=(-1)% 


and the remaining notation is in accordance with the nomenclature of 
pages 371 and 372. 


Amplifier pairs 


The basic amplifier classes are often used in pairs, or combination forms’ . 
for special characteristics. The availability of dual triodes makes these 
combined forms especially useful. 


Grounded-cathode—grounded-plate 


This pairing provides the gain and 180-degree phase reversal of a grounded- | 
plate stage with a low source impedance at the oufput terminals. It is” 
especially useful in feedback circuits 
or for amplifiers driving a low or 
unknown load impedance. In tuned 
amplifiers, the possibility of oscil- 
lation must be considered (see note 
on cathode-followers with reactive 
source and load). Direct coupling is 
useful for pulse work, permitting 
large positive input and negative 
Output excursions. 


Grounded-plate—grounded-grid (cathode-coupled) 


Direct coupling is usual, making a very simple structure. Several modified » 
forms are possible with special characteristics. i 
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Amplifier pairs — continued 
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_Cathode-coupled amplifier: As a simple amplifier, Rs and input Fic are short- 

circuited. Output E> is in phase with 
input Fy. Gain (with Ri>>1/gm) is 
given by A = g,,R2/2. Even-harmonic 
distortion is reduced by symmetry, as 
in a push-pull stage. Due to the in- 
phase input and output relations, 
this circuit forms the basis for various 
R-C oscillators and the class of 
cathode-coupled multivibrators. 


Symmetrical clipper: With suitable 
bias adjustment, symmetrical clipping 
or limiting occurs between V; cutoff and V2 cutoff, without drawing 
grid current. 


Differential amplifier: With input supplied to E, and £4, the output E» 
responds (approximately) to the difference E; — £4. Balance is improved 
by constant-current supply to the cathode (long-tailed pair) such as a 
high value of Ri (preferably connected from a highly negative supply) or 
a constant-current pentode. The signal to Ei should be slightly attenuated 
for precise adjustment of balance. 


Phase inverter: With Rs and Re both used, approximately balanced (push— 
pull) outputs (E2 and Es) are obtained from either input E{ or E;. As a phase 
inverter (paraphase), one input (Fi) is used, the other being grounded, 
and R3 is made slightly less than Re to provide exact balance. 


Grounded-cathode-grounded-grid (cascode) 


This circuit has characteristics somewhat resembling the pentode, with the 
advantage that no screen current is required. Ve serves to isolate Vi from 
the output load R;, giving voltage gain equation 


Ma Ry 
fon K + Ry 
> re a 


A 


For Ry <K Mp, A = Om1Ri 


For Ri > urp, A = pipe 
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Amplifier pairs — continued 


As an rf amplifier, the grounded-grid stage V»2 drastically reduces capacitive 
feedback from output to input, without introducing partition noise fas 
produced by the screen current of a pentode). Shot noise contributed by 
Vo is negligible due to the highly degenerative effect of rp: in series with 
the cathode. The noise figure thus approaches the theoretical noise of Vy 
used as a triode, without the undesirable effects of triode plate—grid 


capacitance. 


Because of the 180° phase relation of input and output, this circuit is also 
valuable in audio feedback circuits, replacing a single stage with consider- 


able increase in gain (for high values of R;). 


B+ 
The grid of V2 provides a second input 


connection Fi useful for feedback or 
for gating. The voltage gain from Ey 
to the output is considerably reduced, 
being given by 


Ri 


iS 
React altGp 


Fork: < Lp, Ao = Ri/tp1 
For R; > Lp, Ae ~ 
Cathode-follower data 


General characteristics 


a. High-impedance input, low-impedance output. 

b. Input and output have one side grounded. 

c. Good wide-band frequency and phase response. 
d. Output is in phase with input. 

e. Voltage gain or transfer is always less than one. 
f. A power gain can be obtained. 

g. Input capacitance is reduced. 


General case 


or is Gm R; 
Ein) Onn REPO Ri / Fy 


dranster. = 
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Cathode-follower data continued 


Row = Output resistance B+ 
Eina22 or approximately Bs 
nol Jm 
Qm = transconductance in mhos 
(1000 micromhos = 0.001 mhos) 
input 
R; = total load resistance E, Ror Ee Rr 


Cox 
meni capacitance = C,, -— ————— ° 9 5 
j ‘ te ] + Gm R; 


Specific cases 


b. If Row is less than Zo, add resistor 
R;’ in séries so that Ro’ =-Zy — Roe. 


a. To match the characteristic imped- 
ance of the transmission line, Rou 
must equal Zp. 


8+ 


C. If Row is greater than Zo, add 
resistor R, in parallel so that 


Zo Rout 


R. = 
; Row — Zo 


Note 1: Normal operating bias must be provided. For coupling a high imped- 
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Cathode-follower data continued 
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ance into a low-impedance transmission line, for maximum transfer choose 
a tube with a high gm. 


Note 2: Oscillation may occur in a cathode-follower if the source becomes 
inductive and load capacitive at high frequencies. The general expression 
for voltage gain of a cathode-follower (including C,z) is given (see p. 445) by 


‘Aa BZ Zorp/Zok 
tp + Zo (1+ pw) + Zorp/Zon 
The input admittance 


¥. = JolC,> +  — ACa)] 


may contain negative-resistance terms causing oscillation at the frequency 
where an inductive grid circuit resonates the capacitive Y; component. 


The use of a simple triode (or pentode) grounded-cathode circuit with a 
load resistor equal to Zo provides an equally good match with slightly higher 
gain (gmRz), but will overload at a lower maximum voltage. The anode- 
follower (see ‘Special applications of feedback’’) provides output approx- 
imating the cathode-follower without the risk of oscillation. 


Resistance-coupled audio-amplifier design 
ERIE AT TTA EET SALT TLS SLES LEA IIS RE ALT A SA EE LE EES A, 


Stage gain A* 


Medium frequencies = Am = att 
Ro RS 
Am 
High frequencies = Ay = —————— 
V) + w?C? ? 
Ps Am 
Low frequencies = Ar = 


! 
] BA anew! Le 
\ ‘ w?C3 p? 


* The low-frequency stage gain also is affected by the values of the cathode bypass capacitor 
ond the screen bypass capacitor. - 


‘? 
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Resistance-coupled audio-amplifier design — continued 
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where 


R= pe Re plate grid 
Ry + Re 
- Rrp R, 
KT 
ground or 
R; r cathode 
p= Rp + —1 2 
Gris Up 


KM = amplification factor of tube 

w = 20 X frequency 

R; = plate-load resistance in ohms 

Re = grid-leak resistance in ohms 

'p = a-c plate resistance in ohms 

Ci = total shunt capacitance in farads 
C2 = coupling capacitance in farads 


Given C;, Co, Re, and X = fractional response required. 


At highest frequency 


eae tV.2 
me V1—x Pale g, = FR 
wCy X pot ft Re — R 


At lowest frequency 


54 
a 
; woVil — X? 


Cascaded stages 


The 3-decibel-down frequencies for n cascaded identical R-C-amplifier 
Stages 


P= ft/fo = f/f = (Qin — 4)12 
where 


n = number of identical stages 

f = 3-db-down frequency for n stages 

= lower 3-db-down frequency of one stage 
upper 3-db-down frequency of one stage 


> oH 
oe 
a 
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Resistance-coupled audio-amplifier design continued 


n F 1/F 
1 | l 

2 0.643 sists) 
3 0.5] 1.96 


Example: n = 3, f1 = 51 cycles, fe = 100 kilocycles: 
Lower f = (1/F)fy = 1.96 X (51) = 200 cycles 
Upper f = Ffe = 0.51 & (100kc) = 51 kilocycles 


7) : 

- \é- region of 
mH . . 
= interest tn 
s AY +45 

Ay SE 

ES O 

= 

a 


relative 
amplitude 


phase shift @ in degrees, + for F< f, and— for f> 


frequency 
o = (fof) 
1.20 r= (fo/f,) 2 
f,/f or f/f, @ = tan”! (fo/fr) — tan (F/for) 


Phase shift in the vicinity of fo as a function of the ratio of the upper 3-decibel frequency fy 
to the lower 3-decibel frequency f,. 


Negative feedback 


The following quantities are functions of frequency with respect to magnitude 
and phase: 
E, N, D = signal, noise, and distortion output voltage with feedback 


e, n, d = signal, noise, and distortion output voltage without feedback 


A = voltage amplification magnitude of amplifier at a given frequency 


A = amplification including phase angle (complex quantity) 
— 


8B = fraction of output voltage fed back (complex quantity); for usual 
—> 


negative feedback, 6 is negative 


@ = phase shift of amplifier and feedback circuit at a given frequency | 
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Negative feedback continued 
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Reduction in gain caused by feedback 
original amplifier —_ original 
gain (decibels) amplifier gain 


percent feedback wy ®° 10000 4 
» 4 £0 ~ additional gain 
needed to maintain 
ae original gain 5000 
30 change in gain (decibels) 
70 
0.001 3000 
30 ww 6O ayy 
2000 
20 
0.005 
60 1000 
0.01 40 
10 
500 
30 
hs 50 300 
6 
0.1 20 200 
3 
0.3 10 60 100 
2 
0.5 
: 50 
‘ 0.7 40 
0.6 —- 2 50 30 
0.9 ' 20 
0.5 
0.95 0.$ 
20 10 
ga | 0.98 
0.2 0.99 § 
0.995 ¢ 
G AG 19 
0.1 6 -2 
baad = gainA 


| 


_ Fig. 3—In negative-feedback amplifier consider- 
— 
ations 6, expressed as a percentage, has a negative 


value. A line across the 6 and A scales intersects 
the center scale to indicate change in gain. It also 
indicates the amount, in decibels, the input must be 
increased to maintain original output. 


feedback -8% | 
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Negative feedback continued 


The total output voltage with feedback is 
d 
Eclat Di eenesehnicg ——— 


sg ee 


1—Agp 1-—-A8 


(1) 


It is assumed that the input signal to the amplifier is increased when negative 


feedback is applied, keeping F = e. 
— > 


(1 — AB) is a measure of the amount of feedback. By definition, the amount 


of feedback expressed in decibels is 


ed 
20 logio | 1 —AB| 


Voltage gain with feedback = mn 


1—A8B 
and change of gain = ae 
1—A8 


— 
If the amount of feedback is large, i.e. — AB> 1, 


> 


voltage gain becomes — 1/8 and so is independent of A. 


In the general case when ¢ is not restricted to 0 or 


A 


the voltage gain 8S eee 
. — 4 ===> 
Vi + [AB |? 2/AB|cos 


and change of gain = 


A es ae 
1+ |AB??}—2|AB| cos ¢ 


rae 
Hence if |A8| >> 1, the expression is substantially independent of ¢. 


(2) 
(3) 


(4) 


(5) 


(6) 


(7) 


a rg 
On the polar diagram relating (A 8) and ¢@ (Nyquist diagram), the system is — 
unstable if the point (1, 0) is enclosed by the curve. Examples of Nyquist — 
diagrams for feedback amplifiers will be found in the chapter on “Feed- — 


back control systems”. 


Feedback amplifier with single beam-power tube 


The use of the foregoing negative feedback formulas is illustrated by the 


amplifier circuit shown in Fig. 4. 


The amplifier consists of an output stage using a 6V6-G beam-power tet- | 
rode with feedback, driven by a resistance-coupled stage using a 6J7-G | 


| 


o 


‘ 
| 
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Negative feedback — continued 


in a pentode connection. Except for resistors Ri: and Re which supply the 
feedback voltage, the circuit constants and tube characteristics are taken 
from published data. 


The fraction of the output voltage to be fed back is determined by specifying 
that the total harmonic distortion is not to exceed 4 percent. The plate 
supply voltage is taken as 250 volts. At this voltage, the 6V6-G has 8-percent 


Rx, 


6/76 6V6G 
3 ee 
Re 


— — 6+ 


Fig. 4—Feedback amplifier with single beam-power tube. 


total harmonic distortion. From equation (1), it is seen that the distortion 
Output voltage with feedback is 


Dp = lie 
1—A8B 
This may be written as 
ee ag = 2 
a Jee 
where 
. 8 Fa ree ] 
yi 1—Asp =2 B= Fi 


and where A = the voltage amplification of the amplifier without feedback. 
The peak a-f voltage output of the 6V6-G under the assumed conditions is 
E, = V4.5 X 5000 X 2 = 212 volts 


This voltage is obtained with a peak a-f grid voltage of 12.5 volts so that the 
voltage gain of this stage without feedback is 


ee 


Negative feedback continued 


ire l l 


Hence B= —- =-=-—- 7 = — 0.0589 or 5.9 percent, approximately. 


The voltage gain of the output stage with feedback is computed from equa- 
tion (3) as follows 


Arius And oad ol aie 


1—A8B 


and the change of gain due to feedback by equation (4) is thus 


= 0.5 


—> 


1—A8B 

The required amount of feedback voltage is obtained by choosing suitable 
values for R; and Re. The feedback voltage on the grid of the 6V6-G is 
reduced by the effect of Ry, Ri and the plate resistance of the 6J7-G. The 
effective grid resistance is 

Rg Tp 


Rg + rp 


where Rg = 0.5 megohm. 


Ry’ = 


This is the maximum allowable resistance in the grid circuit of the 6V6-G 
with cathode bias. 


rp = 4 megohms = the plate resistance of the 6J7-G tube 
yee 0S 
He Ait 0.5 


The fraction of the feedback voltage across Re that appears at the grid 
of the 6V6-G is 


Route Oa 
Ro + R: 0.445 + 0.25 
where R; = 0.25 megohm. 


= 0.445 megohm 


= 0.64 


Thus the voltage across Re to give the required feedback must be 
a7 


—— = 9.2 percent of the output voltage. 
0.64 ; 4 


This voltage will be obtained if Ry = 50,000 ohms and Re = 5000 ohms. This | 
resistance combination gives a feedback voltage ratio of : 
5000 100 


—__“-____ = 9.]: percent of the output voltage 
§0,000 +- 5000 
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Negative feedback continued 


In a transformer-coupled output stage, the effect of phase shift on the gain 
with feedback does not become appreciable until a noticeable decrease in 
gain without feedback also occurs. In the high-frequency range, a phase 
shift of 25 degrees lagging is accompanied by a 10-percent decrease in gain. 
For this frequency, the gain with feedback is computed from (6). 


ere a ANA Ne 

VT + 1A)? — 2 (AB) cos¢ 
where A = 15.3, @ = 155°, cos¢ = — 0.906, B = 0.059. 
¥ 15.3 Ee SaaS ag pe 


— V1 4097 +2X09X090 W344 1.85 


The change of gain with feedback is computed from (7). 


l ] 


ners 5A 
VI+(AB)2?—2(AB)cosd 18 


if this gain with feedback is compared with the value of 8.5 for the case of no 
phase shift, it is seen that the effect of frequency on the gain is only 2.7 per- 
cent with feedback compared to 10 percent without feedback. 


On 


The change of gain with feedback is 0.541 times the gain without feedback 
whereas in the frequency range where there is no phase shift, the corre- 
sponding value is 0.5. This quantity is 0.511 when there is phase shift but no 
decrease of gain without feedback. 


Special applications of feedback (anode follower) 


For the basic circuit shown at the right, Z; includes the plate capacitance, 
plate resistance ry, load resistance R;, and any external load coupled to the 
Output terminals; 21 includes the source capacitance, Z2 includes the plate— 
grid capacitance; the grid-ground capacitance is ignored; and the dc 
Circuits are omitted for clarity. Then, 


so long as 

Zi Zo 
g >? a Zz, 7 ) 
and 
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Negative feedback continued 
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The two inequalities shown above must be satisfied if the circuits shown in 
this section are to give satisfactory performance. 


Integrator (Miller type) 


Cae 
E = — — jwE 
Ri JWE, 
Differentiator 
Ro | 
£, = ——— E 
2 Giga 1 
Adding network Z, 2; 
, wr E,° 
Er lee aa 
Zi Ze ras “of Z2 Fie output 


E, 


Phase inverter 
Zp 21 
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Selective amplifier 


= ]/2afoR 
Ri >R 
R, <R 
(bw) 8db — 4fo/ (gain) 
(gain) = [E2/E,] fo 


Base shifter 
6 = 2arctan (2rfR3C) 


Ri — Ro < R3 


Distortion 
ame ea 


A rapid indication of the harmonic content of an alternating source is given 
by the distortion factor which is expressed as a percentage. 


Distortion (sum of squares of amplitudes of harmonics) 
f = 4  — X 100 percent 
actor (square of amplitude of fundamental) 


lf this factor is reasonably small, say less than 10 percent, the error involved 
in measuring it, 


| (sum of squares of amplitudes of harmonics) x 100 percent 


(sum of squares of amplitudes of fundamental and harmonics) 


is also small. This latter is measured by the distortion-factor meter. 
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Capacitive-differentiation amplifiers 
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Capacitive-differentiation systems employ a series-RC circuit (Fig. 5) with 
the output voltage e: taken across Re. The latter includes the resistance 
of the load, which is assumed to have a negligible reactive component 
compared to R. In many applications the circuit time constant RC <T, 
where T is the period of the input pulse ey. Thus, transients constitute a 
minor part of the response, which is essentially a steady-state phenomenon 
within the time domain of the pulse. 


Differential equation 


ep =e.+ rc oe 
dt 
where R = Ry + Ro. Then 
Con Roc 22% = Re (ey — e-) 
dt 


Trapezoidal input pulse 


When 7, Tz, and T3 are each much greater than RC, 
the output response e2 is approximately rectangular, 
as shown in Fig. 6. 


Eo, ore E,RoC/Ty 
Eos zs — E,ReC/T3 


Eas 


More accurately, for any value of T, but for widely y 


spaced input pulses, Fig. 6—Traperdaae 


input pulse and prin- 
If 0 < t <é Th: eo = ame — exp C +)| cipal response. 


EyRoC ts 
Th << t < (Ty + To): e229 = ra | exe (2) — | exp (- +) 


tf — t/RC 
Note: — — | = 
oN ( +) ‘ 
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Capacitive-differentiation amplifiers — continued 


E,RoC 2] m) | 
(Ty + Te) << t < T: egg = — —— 41 — C= —)—1] 
eo Ts <3) 33 T, \ ge exp (2 


ia rohak | 
+ 00 (Trev )} (ae) 


E yRoC T3 Th 
> fT: an oo —)—] 
- C2 T, ‘2 | exp (*) | 
+ ex ined l — ex ai e pigs 
PN are A oy J gai bg 
= A ex (= +) 
oh leeds 
when Te >> RC: e23 = — a [ — exp (- #)] 


For a long train of identical pulses repeated at regular La 
intervals of T, between starting points of adjacent pulses, 


add to each of the above (eo, e292, e23, and e2,) a term 


T ead 
e290 = ar exp (= rd Hy 
exp (=) =a | Be E, 
RC _¥v Eas 


t 
t 
where A is defined in the expression for ey, above. | 
Fig. 7—Single rec- 
fangular pulse and 


Rectangular input pulse response for T much 
shorter than in Fig. 6. 


Fig. 7 is a special case of Fig. 6, with Ty = Ts = 0. 
R t t 
Ma t< 7: ey) = BE exe (— a) == Ex exp ( — ra 


R is t 
t>T: e3 = — mae [exe (7) — | exp = ra 


R ip 
Where Fo; = — 5 A [ — exp ec x) 
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Capacitive-differentiation amplifiers continued 
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Triangular input pulse 


Fig. 8 is a special case of the trape- 
zoidal pulse, with Tz = 0. The total 
output amplitude is approximately 


T ie 
ene tee ee 
T1T3 
which is a maximum 
Fig. 9—Capacitive-differentiation circuit 
when 11 = Ts. with cathode-follower source. 


Fig. 8 — Triangular 
pulse—special case Fig. 10—Capacitive-differentiation circuit with plate- — 
of Fig. 6. circuit source. 


Schematic diagrams 


Two capacitive-differentiation circuits using vacuum tubes as driving sources 
are given in Figs. 9 and 10. | 


Capacitive-integration amplifiers 


Capacitive-integration circuits employ a series-RC circuit (Fig. 11) with 
the output voltage e2 taken across capacitor C. The load admittance is 
accounted for by including its capacitance in C; while its shunt resistance 
is combined with Ri and Rp to form a voltage divider treated by Thevenins 
theorem. In contrast with capacitive differentiation, time constant RC >T 
in many applications. Thus, the output voltage is composed mostly of the 
early part of a transient response to the input voltage wave. For a long 
repeated train of identical input pulses, this repeated transient response 
becomes steady-state. 


ELECTRON-TUBE CIRCUITS 463 


Capacitive-integration amplifiers continued 
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Circuit equations R, Re 

61 =— Co + RC hes 8, Cc a 
dt ei 

where R = R; + Ro. | Fig. 11—Capacitive integration. 


When t <RC and Exo is very small compared to the amplitude of e,, 


] t 
= E = dt 
€2 20 + RC i; el 
where Ee = value of es at time t = 0. 


Rectangular input-wave train 


See Fig. 12. 
] T 
Evy=-r dt 
v is |, ej 

Fig. 12—Rectangular input- 

Then wave train at top Below, ouf- 
put wave on an exaggerated 

ExT, + Elo = 0 voltage scale. 


After equilibrium or steady-state has been established, 


ft f 
Ea + Ex [1 — exp (— #.)] + a exp (— x) 
@e = Fay t E }1 = «x — Zz) +e ex URE 
22 av 12 p RC 22 p RC 


If the steady-state has not been established at time t =0, add to eg the term 


€21 


f 
(Eso =a Ee sort Eo) exp € x) 


When y= Tt, = 1/2; then 


Ey = — Fie = Fy 
Ey = Eo. = —Eq = Fj tanh (T/4RC) 
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Capacitive-integration amplifiers 


continued 


Approximately, for any T; and Te, provided T < RC, 


0<t < Ii: Col 
O<t< Te: en = 


ree Eo, = E1171 /2RC 
— Fy2T2/2RC 


where EF, = Foo = 


Error due to assuming a linear output- 
voltage wave (Fig. 13) is 


when T) = Te = 1/28 The error In Es 
due to setting tanh (T/4RC) = T/4RC 
is comparatively negligible. When 
T/RC = 0.7, the approximate error in 


Fe is only 1 percent. However, the 
error E, is 1 percent of E, when 
T/RG-= 008, 


Biased rectangular input wave 
In Fig. 14, when (Ty + Te) < RC, and 


Esy — Ee (1 — 2h /Ti) 
Bay aa Fo (1 ne 2te/To) 


Fig. 13——Error EA from assum- 
ing a linear output (dashed 
line). 


Re 


E, 
T, 
3E, 


Foo = O at t = O, the output voltage 
approximates a series of steps. 


E> a E,T,/RC 


Fig. 14—Rectangular input 
gives stepped output. 


wave 


Triangular input wave 


In Fig. 15, when (Ty + To) <RC, and after the steady-state has been 
established, then, approximately, 


Qe<tte E<oailas 
f 
€o1 = Eoo + Eo, — 4En (4 sae] 
ila 


0 < te < Ta: 
f 1 
G20 = Eo te Foo — 4Eoe (2 ae 5 


2 
where 


Foo = Fy (To yi Ti) /6RC 
Eoy = E,71/4RC 

Fig. 15—Triangular input wave at top. 
Eso = —E,T2/4RC Below, parabolic output wave on an 


exaggerated voltage scale. 


ELECTRON-TUBE CIRCUITS 465 
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Schematic diagrams 


Two capacitive-integration cir- 
cuits using vacuum tubes as 
sources are given in Figs. 16 
and 17. 


Fig. 16 (right)—Capacitive-inte- 
gration circuit with cathode-fol- 
lower source. 


Fig. 17 (right)— 
Capacitive -inte- 
gration circuit with 
plate-circuif source. 
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Relaxation oscillators 
ER PE CATR TER 


Relaxation oscillators are a class of oscillator characterized by a large 
excess of positive feedback, causing the circuit to operate in abrupt 
transitions between two blocked or overloaded end-states. These end- 
states may be stable, the circuit remaining in such condition until externally 
disturbed; or quasistable, recovering lafter a period determined by coup- 
ling time-constants and bias) and switching back to the opposite state. 
Relaxation oscillators are classified as bistable, monostable, or astable 
according to the number of stable end-states. Most circuits are adaptable 
to all three forms. Multistate devices are also possible. A wide variety of 
circuit arrangements is possible, including multivibrators, blocking oscillators, 
trigger circuits, counters, and circuits of the phantastron, sanotron, and 
sanophant class. Relaxation oscillators are often used for counting and 
frequency division, and to generate nonsinusoidal waveforms for timing, 
triggering, and similar applications. 


Multivibrators 


A number of multivibrator circuits are formed from three basic two-stage am- 


plifiers (grounded-cathode—ground ed-cathode, grounded-plate—grounded- 
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grid, and grounded-cathode—grounded-grid or combinations of these 

types), that readily provide the needed positive feedback with simple 

resistance or resistance—capacitance coupling. End-states may be any two 

of the four “blocked” conditions corresponding to cutoff or saturation in 

either stage. In general, the duration of a quasistable state will be determined 

by the exponential decay of charge stored in a coupling-circuit time- 

constant (the circuit switching back to the opposite state when the saturated 

or the cutoff tube recovers gain) while stable states are produced by direct 

coupling with bias sufficient to hold one tube inoperative. The memory 

effect of charge storage also operates in the case of stable end-states to 

ensure completion of transfer across the unstable region. The timing accuracy 

of an astable or quasistable multivibrator is considerably improved by — 
supplying the grid resistors from a high positive voltage (B+). The recovery — 
from a cutoff condition thereby becomes an exponential towards a voltage | 
much higher than the operating point, terminating in switch-over when the 

cutoff tube conducts. Grid conduction serves to clamp the capacitor voltage 

during the conducting state, erasing residual charge from the previous 

state. The starting condition for the next transition is thus more precisely — 
determined and the linearity of the exponential recovery is improved by 

the more nearly constant-current discharge (since the range from cutoff 
to zero bias represents a smaller fraction of total charge). The grid-— 
circuit time-constant must be appropriately increased to obtain the same | 
dwell time. 


Bistable circuits 


Bistable circuits are especially suited for binary counters and frequency , 
dividers and as trigger circuits to produce a step or pulse when an input - 
signal passes above or below a selected amplitude. | 


Symmetrical bistable multivibrator: The circuit is shown in Fig. 18. Trigger | 
signal may be applied to both plates, both grids, or if pentodes are used, 
to both suppressor grids. 


vibrator is shown in Fig. 19. Alternative trigger inputs are shown with | 
corresponding outputs to drive a following stage. The use of coupling | 
diodes (V3, V4) reduces the tendency of Cy, Ce in the circuit of Fig. 18 to / 
cause misfiring by unbalanced stored charge. Tubes Vs and V6 illustrate © 
the application of clamping diodes, especially useful in high-speed circuits, | 
to fix critical operating voltages. Pentodes with plate and grid clamping | 
are suitable for very-high speeds. 


Binary counter stage: An adaptation of the symmetrical bistable multi- | 
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continued 


Fig. 18——Symmetrical bistable 
multivibrator (basic 


binary 
counter). 


B+ 


reference 
voltage 


a common 


Fig. 19—Binary counter stage. 
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Relaxation oscillators — continued 

Schmitt trigger: The circuit of Fig. 20 has the property that an output of 
constant peak value (a flat-topped pulse) is obtained for the period that 
the input waveform exceeds a specific voltage. 


Fig. 20—Basic Schmitt trigger. 


Monostable circuits 


Monostable multivibrators are useful for driven-sweep, pulse, and timing- 
wave generators. The absence of time-constants and residual charge 
“memory" in the stable state reduces jitter when driven with irregularly 
spaced timing signals. Monostable versions may be derived from all of the 
foregoing bistable multivibrators by elimination of the direct (dc) coupling 
to one or the other grid. The circuit of Figure 21 with R omitted is commonly 
used for pulse generation. 


Most astable circuits can be made monostable by sufficient inequality of 
bias. The circuit of Fig. 24 is an example. 


Sweep waveforms can be produced by integration of pulse outputs. The 


phantastron class of Miller sweep generators are also particularly useful 
for this purpose. 


Driven (one-shot) multivibrator: Circuit is given in Fig. 22. Equations are 
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= multivibrator frequency in cycles/second 


f, = synchronizing frequency in cycles/second 


Conditions of operation are 


le > fn or ie <a on 


jigis 


negative 
pulse 
6ynchronizing o- 
signals 


positive 
pulse 


Fig, 22—Driven (one-shot) multivibrator schematic and waveforms. 


_— 
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where 
fn = free-running frequency in cycles/second 


Js 


synchronizing period in seconds 
3n = free-running period in seconds 


Fii — Eon + EL 
RoC loge (Gein Be) 


4) 
a ee tec 


Regenerative clipper: Bias on the first grid places the circuit of Fig. 21 in 
the center of the unstable region, giving regenerative clipping. 


Phantastron: The phantastron circuit is a form of monostable multivibrator 
with similarities to the Miller sweep circuit. It is useful for generating very- 
short pulses and linear sweeps. It uses a characteristic of pentodes: that 


O.luf 


Cc 
pulse 
length 


x). lOupt 
zy 


trigger 


Fig. 23——Cathode-coupled phantastron. 


while cathode current is determined mainly by control-grid potential, the 
screen-grid, suppressor-grid and plate potentials determine the division of 
current between plate and screen. In certain tubes, such as the 6AS6, the 
transconductance from suppressor grid to plate is sufficiently high so that 
the plate current may be cut off completely with a small negative bias on 
the suppressor. 


A typical phantastron circuit is shown in Figure 23. During operation if 
switches between two states of interest. 
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a. Stable: the control grid is slightly positive and draws current. Cathode 
current is maximum and the suppressor is biased negatively to plate-current 
cutoff by the cathode current in Ry. The plate is at a high potential determined 
by the clamping diode and the screen potential is low. 


b. Unstable: when a positive trigger is applied to the suppressor grid (or 
a negative trigger to the control grid, cathode, or plate) the plate conducts, 
driving the control grid negative, reducing the cathode current, and taking 
most of the screen current. The plate potential then runs down linearly 
as in the Miller circuit. 


The end of this period comes when the control grid goes positive again, 
resulting in increase of cathode current, suppressor cutoff, and heavy screen 
current. 


In the circuit shown, the pulse length is variable from 0.3 to 0.6 microseconds’ 
For longer pulses, it is possible to get a wide range of control both by 
varying R and C and by varying the plate-clamping potential. 


Decreasing R; results in astable operation. 


Astable circuits 


The operating principles of the multivibrator and the exponential recovery 
from quasistable states are illustrated by the analysis of the free-running 
multivibrator. 


Free-running zero-bias symmetrical multivibrator: Exact equation for semi- 
period (Figs. 24 and 25): 


Riorp Beard 2 { 
d1 = (R ———— } C, log, ————_ 
1 ( gl oe are =| 1 10g pe 


Fig. 24—Schematic diagram of symmetrical multivibrator and voltage 
waveforms on tube elements. 
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where 


5 = 3+ Bo = 1/f, Si = So, Ror = Roo, Ci = Co. 


f = repetition frequency in cycles/second 


3 = period in seconds 
3, = semiperiod in seconds 
rp = plate resistance of tube in ohms 


E, = plate-supply voltage 


c 
o 0 
be 
3 load line 
2 
ai “ 
\ 1 
En Ey 


plate voltage 


Em = minimum alternating voltage on plate Fig. 25—Multivibrator potentials 


on plate-characteristic curve. 


E, = cutoff voltage corresponding to Ey 


C = capacitance in farads 


Approximate equation for semiperiod, where Rg; > 


Ex, — Em 
o1 = Roi loge (B=*) 


Equation for buildup time is 


Sp = 4(R; + rp)/C = 98 percent of 
peak value 


Free-running zero-bias unsymmet- 
rical multivibrator: See symmetrical 
multivibrator for circuit and termi- 
nology; the wave forms are given 
in Fig. 26. 


Equations for fractional periods are 


Rierp 


a tT Ona 
Rie me Ip 


grid of T; —-1 + ae py 


grid of 2 --aA>-—----7457-- 


plate of T2 — —— 
a 
T 


Fig. 26 — Unsymmetrical multivibrator | 
waveforms. 


Riorp Exo — Eme 
SC peon ls —_—_*~— ] C, log, {| ——————- 
Gulkoy a ( Ex ) 


Rurp Fo; aon Fi 
3o={R —_——_—— } Cy, log, {| —————— 
; (Re + ee) Zein ( E52 ) 


S=%+52.= 1/f 
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Free-running positive-bias multivibrator: Equations for fractional period 
(Fig. 27) are 


R E a Ee, Ee 
2 (Re Ff te) Eilog, (Sas) 


Rie + lp Pa SF Pa 
Rurp Big ean oie bee 
%o = (R —~— } Ce log. 
i ( ay Ruy =) oy ( AR id ee ) 
where 


S5= 5+ 3, = 1/f 
E. = positive bias voltage 


R, = bias control 


7h. | To 


Fig. 27—Free-running positive-bias multivibrator. 


Blocking oscillators 


The blocking oscillator is a single-tube relaxation oscillator using a close- 
coupled (current) transformer that imposes a fixed current ratio between 
grid current and plate current, while also providing the polarity reversal for 
positive feedback. There are, therefore, two end-states that satisfy the 
requirement i,/i, = turns ratio: one in the positive-grid region, with large 
grid current, and one at cutoff, with both currents zero. Astable and mono- 
stable forms are illustrated in the following discussion. 
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Astable blocking oscillator: Conditions for blocking are 


Ey) Ey <a Vie VG? LEN eee 


where 
Ey = peak grid volts 


E, = positive portion of grid swing in 
volts 


E, = grid bias in volts 


f = frequency in cycles/second 
a = grid time constant in seconds B+ = 
Fig. 28—Free-running block- 
€ = 2.718 = base of natural logs ing oscillator—schematic and 
waveforms. 


§ = decrement of wave 


a. Use strong feedback 
= Ey is high 


b. Use large grid time constant 
= a is large 


c. Use high decrement (high losses) 


= 6 is high 
Pulse width is 3, ~ WIC Fig. 29—Blocking-oscillator grid voltage- 
where 
31 = pulse width in seconds 
L = magnetizing inductance of transformer in henries 
C = interwinding capacitance of transformer in farads 
¢—_ 7 ——> 
pee NATE \ 
" a7 eae 
! 
i 
where i { 


M = mutual inductance between 
windings 


n/n2 = turns ratio of transformer Fig. 30—Blocking oscillator pulse 
waveform. 
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Repetition frequency 


] a es geak oF 
= —- = RC, log. ——_ 
Je f gg '09 Pacis 
where 
32 > 51 


t = repetition frequency in cycles/second 
EF, = plate-supply voltage 
E, = maximum negative grid voltage 
E, = grid cutoff in volts 
S$ =5+ 52 = I/f 
Astable positive-bias wide-frequency-range 


blocking oscillator: Typical circuit values 
(Fig. 31) are 


_R = 0.5 to 5 megohms 


C = §0 micromicrofarads to : out pul 
0.1 microfarads es 

Ry = 10 to 200 ohms n@ a 

Ry = 50,000 to 250,000 ohms y di 7 


Fig. 31— Free-running positive : 
Af = 100 cycles to 100 kilocycles Mynd tren sen arent,” 


Monostable blocking oscillator: Opera- 
ting conditions (Fig. 32) are 


Leary 8 
a. Tube off unless positive voltage is ap- y 


plied to grid. 


b. Signal input controls repetition fre- 
quency. 


~ gignalin Eg 


lees.) > ‘ ; ; Fig. 32—Driven blocking oscil- 
c. E, is a high negative bias. lator. 
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Synchronized astable blocking oscillator: Operating conditions (Fig. 33) are 
ba aig Olt nie els 
where 


f, = free-running frequency in cycles/ B+ 
second 


f, = synchronizing frequency in cycles/ 


synchronizing 
second giana 
Tn = free-running period in seconds —s = 
re ; : Fig. 33—Synchronized blocking 
T, = synchronizing period in seconds oscillator. 


Gas-tube oscillators 


A simple relaxation oscillator is based on the negative-resistance charac- 
teristic of a glow discharge, the two end-states corresponding to ignition 
and extinction potential of the discharge. Two astable forms are discussed. 
The circuit of Fig. 34 may also be used with a simple diode (neon lamp), 
omitting the grid resistor and bias. The circuit of Fig. 35 may be made 
monostable if the supply voltage is less than the ignition voltage at the 
selected bias. 


Astable gas-tube oscillator: This circuit is often used as a simple generator 
of the sawtootn waveform necessary for the horizontal deflection of a 
cathode-ray oscilloscope beam. Equation for period (Fig. 34) 


3 = aRC (1 + a/2) 


where 


3 = period in cycles/second 


aL. 
a = —— 
ney (Se 
E; = ignition voltage 


E, = extinction voltage 


Fig. 34—Free-running gas-tuby 
oscillator. 


E = plate-supply voltage 
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Velocity error = change in velocity of cathode-ray-tube spot over trace- 
period. 


Maximum percentage error = a X 100 
ifa<l. 


Position error = deviation of cathode-ray-tube trace from linearity. 


x 100 


Maximum percentage error = 


Co!|R 


ne< |. 


Synchronized astable gas-tube oscillator: Conditions for synchronization 
(Fig. 35) are 


f, = Nfs 
where synchronizing 
voltage (~\) 
f, = free-running frequency in . 
cycles/second : 
fs = synchronizing frequency in 
cycles/second 
N = an integer 


Fig. 35—Synchronized gas-tube oscillator. 


For f, ~ Nf,, the maximum 6fn 
before slipping is given by 


Ea Sy 

Ee f 

where 

Ofn = tee f, 


Eo = free-running ignition voltage 


E,; = synchronizing voltage referred to plate circuit 
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M Semiconductors and transistors 


Definitions 


Acceptor impurity: An impurity that may induce hole conduction. 


Base region: The interelectrode region of a transistor into which minority 


carriers are injected. 


Bias: The quiescent direct emitter current or collector voltage of a tran- 


sistor. 


Breakdown voltage: The reverse voltage at which a pn junction draws a 


large current. 
Carrier: In a semiconductor, a mobile conduction electron or hole. 


Collector: An electrode through which a flow of minority carriers leaves the 
interelectrode region. 


Conduction band: A range of states in the energy spectrum of a solid in 


which electrons can move freely. 


Depletion layer, space-charge layer: A region in which the mobile carrier 
charge density is insufficient to neutralize the net fixed charge density of 
donors and accepfors. 


Donor impurity: An impurity that may induce electronic conduction. 


Doping: Addition of impurities to a semiconductor or production of a 


deviation from stoichiometric composition, to achieve a desired character- 
istic. 


Electron: The electrons in the conduction band of a solid, which are free to 
move under the influence of an electric field. 


Emitter: An electrode from which a flow of minority carriers enters the in- — 


terelectrode region. 


Energy gap: The energy range between the bottom of the conduction band — 


and the top of the valence band. 
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Hole: A mobile vacancy in the electronic valence structure of a semi- 
conductor that acts like a positive electronic charge with a positive mass. 


Interbase current: In a junction tetrode transistor, the current that flows 
from one base connection to the other through the base region. 


i-type or intrinsic semiconductor: A semiconductor in which the electrical 
properties are essentially not modified by impurities or imperfections within 
the crystal. 


Junction: See pn junction. 


Lifetime of minority carriers: The average time interval between the 
generation and recombination of minority carriers in a homogeneous semi- 
conductor. 


Majority carriers: The type of carrier constituting more than half of the 
total number of carriers. 


Minority carriers: The type of carrier constituting less than half of the 
total number of carriers. 


Mobility: The average drift velocity of carriers per unit electric field. 


n-type semiconductor: An extrinsic semiconductor in which the conduction- 
electron density exceeds the hole density. 


Ohmic contact: A contact between two materials, possessing the property that 
the potential difference across it is proportional to the current passing 
through it. 


Photodiode: A two-electrode semiconductor device sensitive to light. 
Photoconductive cells are photodiodes in which the resistance decreases 
when illuminated. Photoelectric cells are self-generating photodiodes. 


Phototransistors: Photoconductive cells that have current-multiplying col- 
lectors. 


pn junction: A region of transition between p- and n-type semiconducting 
material. 


p-type semiconductor: An extrinsic semiconductor in which the hole density 
exceeds the conduction-electron density. 
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Punch-through: At sufficiently high collector voltage in a junction transistor 
with very narrow base region, the space-charge layer may extend com- 
pletely across the base region, causing an emitter-to-collector breakdown 
that is called punch-through (see Fig. 21). 


Saturation current: In a reverse-biased junction, the current due to thermally 
generated electrons or holes. 


Semiconductor: An electronic conductor, with resistivity in the range between 
metals and insulators, in which the electrical charge carrier concentration 
increases with increasing temperature over some temperature’ range. 
Certain semiconductors possess 2 types of carriers, namely, negative 
electrons and positive holes. 


Semiconductor device: An electronic device in which the characteristic 
distinguishing electronic conduction takes place within a semiconductor. 


Semiconductor, extrinsic; A semiconductor with electrical properties 
dependent upon impurities. 


Thermistor: An electronic device that makes use of the change of resistivity 
of a semiconductor with change in temperature. 


Transistor: An active semiconductor device with 3 or more electrodes. 


Valence band: The range of energy states in the spectrum of a solid crystal 
‘in which lie the energies of the valence electrons that bind the crystal 
together. 


Varistor: A 2-electrode semiconductor device having a voltage-dependent 
nonlinear resistance. 


Semiconductors 


Semiconductor materials and applications 


device | semiconductor | type | applications 
Transistors Germanium Junction General-purpose to 75° C 
Germanium Point-contact Computors 


Silicon Junction High-temperature use 


Semiconductors continued 


device 


Rectifiers 


—_—. 


Varistors 


Thermistors 
Photoconductive 


cells 


Photoelectric 
cells 


| semiconductor | 


Germanium 
Germanium 


Germanium 
Silicon 


| Silicon 


| Silicon 


Selenium 


Copper oxide 
Copper sulfide 


Silicon carbide 


Selenium 
Copper oxide 
Mixed metallic 
oxides 
Germanium 
Germanium 
Lead sulfide 
Lead telluride 
Silicon 
Cadmium sulfide 


} Selenium 
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type 
Point-contact diode 
Junction diode 
Junction diode 
Point-contact diode 


Junction diode 


Junction diode 


Dry-disk 


Dry-disk 


Dry-disk 


Fired 


Dry-disk 


Dry-disk 


Fired 


Junction 


Point-contact 


Junction 
Junction 


Dry-disk 


| applications 


Economical, useful to vhf 
High-rectification-ratio diode 
Power rectifier 


Microwave detector, mixer 


Very-high-rectification-ratio diode, 
voltage control or reference 


Power rectifier 


Power-supply rectifier, low-fre- 
quency diode 


Meter rectifier, ring modulator 
Low-voltage power rectifier 


Voltage surge suppressor, voltage: 
limiter 


Contact protector 

Voltage surge suppressor 

Temperature sensing, current surge 
suppressor, temperature com- 


pensation 


General-purpose 


Phototransistor 

Infrared detector 

Infrared detector 

Power source for transistors 
Power source for transistors 


Light meter 


Diodes, photodiodes, varistors, and thermistors 


Diodes as discussed here denote rectifiers for rated currents of less than 
t ampere. These can be divided into three general classes: 


a. Point-contact diodes are better for high frequencies than junction diodes: 
due to reduced minority-carrier storage effects and smaller rectifying areas. 
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b. Junction diodes have better rectifying characteristics than point-contact 
types, especially in the reverse direction, and they are generally less noisy. 


c. Selenium diodes are small-area selenium rectifiers that have character- 
istics similar to selenium power rectifiers. 


Photodiodes are junction germanium diodes constructed so that light can be 
directed onto the crystal surface at the pn junction. The diode is reverse- 
biased, the saturation current comprising the dark current. Incident light 
causes photo-generated hole-electron pairs, some of which are “collected” 
through the junction, adding to the current. Phototransistors are similar 
except that the diode has either a point-contact collector or a junction- 
hook collector, either of which “multiplies” collected current. 


Varistors, or voltage-sensitive resistors, made of silicon carbide, have 
voltage—current characteristics that can be approximated by 


I = AV" 


for V>5 volts. Units are available for values of n between about 3.5 
and 7.0. 


Characteristics somewhat similar to this are obtained with pairs of dry-disk 
rectifiers wired in series, back-to-back (Fig. 1). Selenium rectifiers are used 
in this way for contact protection* in which service they offer a low re- 
sistance to high induced voltages but a high resistance to normal voltages. 
With this connection, the characteristic is essentially that of the reverse of 
one of the cells but is symmetrical in either direction. In the parallel front- 
to-back connection, the charac- 

teristic is like that of the forward o—P>|—_}q—0 

of the individual cell, but symmet- 

rical. Copper-oxide rectifiers are Series back-to-back. Porallel front-to-back. 
used in the latter way as symmet- Fig. 1—Connections for rectifier-type vari- 
rical limiters for low voltages. stors. 


Silicon junction diodes have very-sharp reverse voltage breakdown char- 
acteristics and hence are also useful as voltage limiters. (Nonsymmetrical 
unless two are used in series back-to-back.) They are available with 
breakdown voltages in 20-percent-range steps from 6.8 to 470 volts. They 
can be used in a way similar to gas discharge voltage-regulator tubes to 
give a constant-voltage supply with varying input voltage or varying load 
current. 

* H. F. Herbig and J. D. Winters, “Investigation of the Selenium Rectifier for Contact Protec- 


tion,” Transactions of the American Institute of Electrical Engineers, vol, 70, part 2, pp. 1919-1923; 
1951: also, Electrical Communication, vol. 30, pp. 96-105; June, 1953. 
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Thermistors, or thermally sensitive resistors, are made of complex metallic- 
oxide compounds using oxides of manganese, nickel, copper, cobalt, and 
sometimes other metals. They are useful for temperature measurement and 
control, to compensate for positive temperature coefficient of resistance of 
metallic conductors, and for current surge suppression.* 


Vacuum or gas-filled sealed units are usable up to about 300° centigrade 
and air-exposed units to about 120° centigrade. The resistance decreases 
with increasing temperature, varying approximately exponentially with 
inverse absolute temperature. Cold resistances are between 500 and 500,000 
ohms. 


pn junctions{ 


Single-crystal semiconductors like germanium and silicon have little con- 
ductivity when pure, such conductivity being called infrinsic. Intrinsic con- 
ductivity increases exponentially with absolute temperature T, being,{ for 
germanium, 


a; = 4.3 X 104 exp (—4350/T) ohm! centimeter? 
and for silicon, 
= 3.4 X 104 exp (—6450/T) ohm! centimeter 


lf very-small amounts of impurities are built into the crystal, substitutionally 
replacing some atoms of the semiconductor in the crystal lattice, such impuri- 
ties may increase the conductivity. One atom of impurity for 10° to 10° atoms 
of semiconductor is used for practical purposes to bring the conductivity 
within the range of about 0.2 to 2000 ohm ‘centimeters | (5 to 0.0005 ohm— 
centimeters resistivity). Pentavalent elements like antimony and arsenic 
(donors) make the semiconductor n-type and trivalent elements like indium 
and aluminum (acceptors) make the semiconductor p-type. When donor and 
acceptor impurities are both present in the same part of a single crystal, 
the effects tend to cancel. The conductivity becomes n- or p-type depending 
on whether the donors or acceptors, respectively, are present in excess. 


* J. W. Howes, “Characteristics and Applications of Thermally Sensitive Resistors, or Thermis- 
tors," Proceedings of the Institution of Radio Engineers, Australia, vol. 13, pp. 123-131; May, 
1952: also Electrical Communication, vol. 32, pp. 98-111; June, 1955. 


TW. Shockley, “Electrons and Holes in Semiconductors,” D. Van Nostrand Company, Inc., 
New York, N. Y.; 1950. 


TE. M. Conwell, “Properties of Silicon and Germanium,” Proceedings of the IRE, vol. 40, pp. 
1327-1337; November, 1952. 
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A single crystal of semiconductor may be n-type in one region and p-type 
in another region due to impurity density variation, the surface separating 
the two regions being called a pn junction. Nearly all of the interesting 
properties of semiconductors are associated with the electrical char- 
acteristics of pn junctions. 


These pn junctions have rectifying properties. At room temperature, the 
current through such a junction is related to the voltage across it, as 


I = 1, [lexp 40V) — 1] ques 
where 


Fig. 2—Polarity for forward 
J, = saturation current. current in a pn junction. 


When a pn junction is biased in the forward direction (Fig. 2) making the p ~ 


region positive with respect to the n region, holes are readily emitted from 
the p region (where they are plentiful and are called majority. carriers) 


into the n region (where they are referred to as minority carriers) and — 


conversely, electrons are emitted into the p region to become minority 


carriers there. These minority carriers, the electrons in the p region and — 
holes in the n region, will recombine with some of the larger number of © 
opposite-type-charge carriers, but not instantaneously; the time required for | 
the number injected to decay to 1/e of its original value is called the life- 
time of minority carriers. This lifetime is a characteristic of a particular | 
crystal and is generally between a fraction of a microsecond and a few © 
milliseconds, more perfect crystals giving the longer lifetimes. In the forward 
conducting direction, the charge carriers are practically unimpeded in their — 


flow across the junction. 


When a pn junction is reverse-biased, the holes in the p region and the - 
electrons in the n region are withdrawn away from the junction leaving a | 
depletion layer that becomes wider as the voltage is increased. The only | 
current that can flow arises from thermally generated electron-hole pairs — 
that form in or near the junction. Electrons from such thermally generated | 
pairs are drawn into the n region and holes into the p region. This reverse | 
current is called the saturation current since it saturates at a very-low voltage: - 


and increases little with higher voltage (surface defects may cause reverse | 
current to increase substantially with increase in voltage, but well-made — 
semiconductor devices have junctions in which the current increases only © 
slowly as the voltage is raised from about 0.1 to 40 volts). Being due to | 
thermally generated electron-hole pairs, the saturation current increases © 


exponentially with temperature. 
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The theoretical breakdown voltage of a pn junction is approximately 
inversely proportional to the donor or acceptor density near the junction. 
Significant departures from this inverse relationship have been found. 
Nevertheless, an empirical relationship sometimes used as a guide is, for 
germanium, 


Vs =~ 96p, + 459, 
and for silicon, 
= 39 pn + 8pp 
where 
Pm Pp = resistivity of n, p, regions in ohm—centimeters 


Surface leakage may cause breakdown at a considerably lower voltage. 


Properties of germanium and silicon* 


property |germanium at°C | silicon at °C 
| 
Atomic number 32 — 14 — 
Atomic weight 72.60 — 28.08 | — 
Density in grams centimeter ° S.o23 a 2.320 —— 
Energy gap in electron—volts 0.72 25 Ki2 29 
Temperature coefficient of energy 
gap in electron—volts °C} —0.0001 — |-—0.0003 | — 
Mobility of electrons in centimeters? 
volt! second ! 3600 25 1200 25 
Mobility of holes in centimeters? volt? 
second | 1700 25 250 25 
Melting point in °C 936 = 1420 — 
Linear thermal expansion coefficient 
mC 6.1 x 10°*| 0-300 | 4.2x 10-*| 10-50 
Thermal conductivity in calories sec- 
ond * centimeter! °C? 0.14 25 0.20 20 


Specific heat in calories gram”! °C! | 0.074 | 0-100; 0.181 | 20-90 


Dielectric constant 16 — 12 —— 


*E.M. Conwell, “Properties of Silicon and Germanium,” Proceedings of the IRE, vol. 40, pp. 
1327-1337; November, 1952. 
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Transistors 


List of symbols 


Fig. 3—Equivalent circuit fer definition of 


V. = collector voltage (quiescent value relative to base) 
V. = emitter voltage (quiescent value relative to base) 
I, = collector current (quiescent value) 
I, = emitter current (quiescent value) 
Teo = collector cutoff current (J, with J, = 0) 
re = emitter resistance (see Fig. 3) 
rh = base resistance (see Fig. 3) 
re = collector resistance (see Fig. 3) 
rn = high-frequency (or extrinsic) 
base resistance (see Fig. 18) 
rp’ = low-frequency component of 
base resistance (see Fig. 18) 
a =alpha (current multiplication 
factor) 
eae [di / diel v, Fer Fog aNd Fe. 
ag = low-frequency alpha 
B = beta 
=a/ (1 —a) 
C, = collector capacitance (see Fig. 3) 
fg = alpha cutoff frequency (at which a = ag /(2)”) 
fg = beta cutoff frequency (at which B = ay /(2)% (1 — ag) 


Point-contact transistors 


Point-contact transistors have two sharp pointed metal wires or whiskers 
pressed against the surface of a semiconductor, the contact points being in 
close juxtaposition. The whiskers are the emitter and collector connections 
and a soldered ohmic connection to the semiconductor is the base connec- 


tion. The construction is shown in 
Fig. 4. The semiconductor is generally 
n-type germanium that requires bias- 
ing polarities the same as for pnp- 
junction types. They are less useful 
than junction types because they are 
more noisy ( =~ 50-decibel noise 
figure), give less power gain at low 
frequencies, have higher collector 


emitter collector 
e Cc 
\ / germanium 
b | 
Symbol base 
(pnp) Construction 


Fig. 4—Point-contact transistor. 
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cutoff current, and tend to be unstable as amplifiers in common-emitter 
circuits because @ is greater than unity. They are used principally in com- 
puter circuits where the latter characteristic and the high cutoff frequency 
are advantageous. 


Junction transistors 


Junction transistors are made in several different types, most of the differ- 
ences arising out of the methods of manufacture. The basic type is the triode, 
which may be either pnp or npn. 


pnp triode: The most-common junction transistor; made either by alloying 
(fusing) or by etching and electroplating (surface-barrier technique). Al- 
loyed transistors are made by placing a thin wafer cut from a semiconductor 
crystal, usually n-type germanium, between two small pieces of a suitable 
metal such as indium; this assembly is heated until the wafers melt and alloy 
with the semiconductor. Wires are attached to the metal dots to serve as 
emitter and collector connections and a soldered ohmic contact to the 
semiconductor serves as the base connection. The collector is made larger 
than the emitter to improve the collector efficiency. Such a unit is shown 
diagrammatically in Fig. 5. Surface-barrier transistors are made by elec- 
trolytically etching a semiconductor wafer with two jet streams and immed- 
iately thereafter plating two me- 


germanium 
tallic spots thereon. The appear- 


ance is similar to the alloyed type < ; @ center collector 
except that the dimensions, espe- 

cially of the base thickness and the . sores indium 
thickness of the metal spots, is eyimhol 

much smaller in the surface-barrier (pnp) Construction 

type. Fig. 5—Alloyed-junction transistor. 


Power transistors are made by the alloying process. In this case the base 
connection is made in the form of a ring around the emitter and close to it 
and the collector is soldered to a heat-conducting stud. 


Grown-junction npn triodes: Made 
with germanium and with silicon. n~type germanium 


Made by growing a single erystalir’ , etter 
which is mainly n-type but has one or 
more thin layers that are p-type, b 


Cutting this into a number of small symbol . 
bars, each of which includes one p-  ‘"?"? Ceneueticg 
layer separating two n-regions, and Fig. 6—Grown-junction npn transistor. 


p-loyer 
base 


=o 
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making welded or soldered connections to each of the three regions. 
Such a unit is shown diagrammatically in Fig. 6. 


Tetrodes: Germanium high-frequency tetrodes are made in the same way 
except that a second base connection is made 


to the same p-layer (Fig. 7). Interbase current re 
lowers the base resistance to allow opera- x . 
tion at considerably higher frequency than 

can be obtained with the same crystal used 

as a triode. Audio-frequency gain-control b, 


tetrodes also made in this way utilize the Fig. Tat ees tetrode transis- 

. . tor symbol. (Construction of Fig. 
dependence of current gain @ on interbase ¢ with second’ connedl aaa 
current for gain-control purposes. base.) 


Special transistors 


Several kinds of experimental junction transistors have been devised 
either for operation at higher frequencies or for negative- “resistance 
characteristics useful in switching and pulse circuits. 


Intrinsic-barrier transistor: (onip or npin) functions in the same way as the 
pnp or npn transistor, except that the intrinsic layer between the p and n 
regions of the collector junction reduces collector capacitance and allows 
the use of a low-resistivity base region, and therefore low base resistance, 
without lowering the collector breakdown voltage. The high-frequency 
limit for oscillation has been esti- 
mated to be about 1500 megacycles. 
In Fig. 8, a germanium ni crystal is 
grown by pulling from a melt and the 
p-type emitter and collector are 
formed by alloying indium into the collector 

n and i regions. Fig. 8—Intrinsic-barrier transistor. 


emitter base 


solder 


‘germanium 


Unipolar transistor is so-called because its operation depends on the action 
of only one type of charge carrier, either electrons or holes, but not both, 
as does that of other junction transistors. Two ohmic connections called 
the source and drain are made to, say, n-type germanium, and these are 
connected in series with a direct-current power supply and load impedance. 
A p region called the gate surrounds the current path between source and 
drain where this path is very narrowly constricted, as shown in Fig. 9. 
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The gate-to-source pn junction is biased in the reverse direction causing a 
depletion layer between them that still further constricts the current path 
fromsource to drain. The input signal voltage is superimposed on the gate bias. 
The varying gate voltage causes the cross-sectional area of the undepleted 
current path from source to drain to change, causing, in turn, a variation 
in output current. More like a 
vacuum tube than other transistors, 
with input voltage controlling out- 
put current, unipolar transistor gain 
is expressed as transconductance. 
The input impedance is high and 
output impedance is relatively low. 
Operation at high frequencies is 
possible because charge carriers 
move by drifting in an electric field, 
rather than by diffusion. Fig. 9—Unipolar transistor. 


drain 


indium 
(annular ring) 


Hook-collector transistors have an extra pn junction in the collector. The 
hook refers to the potential trap for electrons or holes caused by the pn 
junction, which results in current multiplication and an alpha greater than 
one. In one type of hook-collector transistor the n-type base region and 
the pn collector regions are grown 
into a crystal that is cut into small 
bars. The p-type emitter is formed 
by alloying a gold—gallium wire into 
the base region as shown in Fig. 10. 
Holes are emitted from the p-type 
emitter, diffuse through the n-type 
base, are collected in he p-type hook region, and (since they change 
the potential of this region with respect to the n-type collector), cause 
electrons to be emitted in the opposite direction. These electrons diffuse 
through the p-type hook region and are collected into the base region. 
Alpha increases with emitter current and reaches 20 or 30 before collector 
dissipation becomes excessive. Very-simple switching circuits are possible 
with this transistor since only one transistor is needed for a bistable flip-flop. 


emitter 
gold and gollium wire 


base 


germanium 


Fig. 10—Hook-collector transistor. 


Double-base diode: Not usually referred to as a transistor, but is described 
briefly here because it exhibits negative-resistance effects similar to the 
hook-collector and point-contact transistors. Two ohmic base connections 
are made to an n-type crystal as shown in Fig. 11. A p region is formed 
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by alloying with indium, for example. A bias voltage is applied between 
the base connections. Since the potential in the base region now varies 
with position, the p region can be biased positive with respect to a part of 
the base region in contact with it, but negative with respect to another part. 
The p region then emits holes in the former part bowel 
and collects holes in the latter. This effect, and 

modulation of the conductivity of the n-region by 

injected holes, results in a negative-resistance |. 

region in the voltage—current characteristic  p-region 

between the p-region connection and one of connection 

the base-region connections. Simple switching 

circuits can be made with the double-base diode 

with the further possibility of relatively high basalt 
power-dissipation capabilities*. Fig. 11—Double-base diode. 


n—-germanium 


Amplification in transistors 


The npn junction-triode transistor consists of two pn junction diodes (as 
described above) within a single crystal, the middle, or base region being 


width of 


mony electrons base region 


emitter 
juction 


n 


few 
holes 


low voltage high voltage 


base 


Fig. 12—Transistor amplification process. 


common to both diodes (Fig. 12). The emitter-to-base junction is biased in — 
the forward (highly conducting) direction and the collector-to-base junction — 
is biased in the reverse (poorly conducting) direction. ; 


Crossing the junction, the emitter-to-base current is composed of two parts, » 
electrons emitted into the base region and holes into the emitter region. 


* R. F. Shea, “Principles of Transistor Circuits,” John Wiley & Sons, Inc., New York, N. Y.; 1953. | 
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Electrons in the base region wander randomly while repelling one another 
(diffusion), rapidly spreading throughout that region. Those that wander 
to the collector junction are attracted across that junction by the strong 
electric field there. If the base region is narrow, only a few reach the base 
connection and the rest are collected. Collected electrons comprise emitter- 
to-collector current, whereas those not collected comprise undesired 
emitter-to-base current. 


Another source of undesired emitter-to-base current results from holes 
emitted from the base region into the emitter region. These would leave 
the base region negatively charged except that an equal number of electrons 
are forced out through the base lead to prevent such a charge buildup. 


The ratio of the desired emitted electron current to the total emitter current 
(emitter efficiency) can be made nearly one by more-heavily doping the 
emitter than the base so that the emitter region is strongly n-type with a 
high density of electrons whereas the base region is weakly p-type with 
only few holes. 


lt can be seen that by proper design, the collector current can be nearly 
equal to the emitter current; small variations in emitter current (signal 
input) will then cause nearly equal variations in collector current. 


The signal power required for any given signal current is small because the 
emitter-to-base voltage variations are small, being of the order of milli- 
volts. The output power, however, is high since the load voltage variations 
can be large (of the order of volts). In this way, power amplification of 
the order of 30 decibels is obtained. | 


The action is the same in pnp transistors except that bias polarities are 
reversed and holes and electrons are interchanged. 


In point-contact transistors, the action is believed to be similar to that in 
the pnp-junction type, but is not as well understood. Holes are emitted 
from the emitter point into the n-type germanium, diffuse through it and are 
collected by the collector point. The collector current, however, is larger 
than the emitter current, possibly due to a hook mechanism (as described 
above). 


Typical transistor characteristic curves 


The curves given in Figs. 13-17 are typical of the results obtained with 
various present-day transistors. 
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Fig. 14—Collector-family curves for ger- 
manium junction-type transistor in com- 
mon-base (top) and common-emitter 
(below) circuits. 
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Fig. 15—Emitter-family curves for ger- 
manium junction transistor. 
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Variation of characteristics for junction transistors 


Emitter resistance 
reeves i, 


in ohms, where c is a constant. If J, is in milliamperes, useful empirical values 
for c are 


c = 12 for low-power germanium alloyed types 
= 25 for germanium grown types 
= 35 for silicon grown types 
The other variations of r. are either unimportant or unpredictable. 


Base resistance: Base resistance decreases with increasing J. The variation 
of base resistance with frequency can best be described by separating rp 
into two parts, re’ and ry’’ as shown in Fig. 18. 


/ / “4 
ry + 1r/’ = low-frequency base resistance 


rn = high-frequency base resistance (‘extrinsic base resistance”). 


! 
Tb 


generally r5/"/4 to r/’/10 1, fe 7 Ole, 
€ 


rp is an important criterion for 
high-frequency performance, rank- 
ing with fg and C, in this respect. 
For example, the maximum fre- 
quency at which oscillation can be 
obtained with alloyed transistors is 


/ 
f= (ofa /8mrp Git Fig. 18—Separation of two components of © 
transistor base resistance. 


The product ro’C, also enters into the denominator of calculated power — 
gain for band-pass amplifiers at high frequencies.* 


Collector resistance: r, decreases to half its 25-degree-centigrade value at 
about 85 degrees centigrade in most germanium types. In silicon the change 
is small. re decreases with increasing J.. 


* J. B. Angell and F. P. Keiper, ‘Circuit Applications of Surface-Barrier Transistors,” Proceedings 
of the IRE, vol. 41, pp. 1709-1712; December, 1953. 
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Current gain*: a@ and 6 increase to a maximum at J, between 1 and 10 
milliamperes, the increase at low currents being generally small. At high 
I., the decrease is more rapid, which is important when high output power 
is desired, especially at low V,. Power transistors are designed to minimize 
this effect. 


The magnitude of @ decreases with increasing frequency and a phase shift 
is introduced. Magnitude and phase can be computed from the approximate 
formula 


ao 


Bie f-(4/1,) 


which is fairly accurate up to f = f,. As an example of the application of 
this formula, in a transistor with a = 0.95 and f, = 2 megacycles, the a 
at | megacycle and the phase shift between collector and emitter currents 
is 

cS ae = 0.76 — 70.38 = 0.85 / — 26.6° 

1+ 7 (1/2) “ETT oS 

The cutoff frequency for B (fg = 0.707 of low-frequency 8) is approxi- 
mately 


fg ~ (1 — ao) fo 

which is much lower than f,. In the example above, it is approximately 
fg ~ (1 — 0.95) 2 = 0.1 megacycle 

and 


B= ae (0.707) = 19 (0.707) = 13.4 at 100 kilocycles 


Current gain varies little with V. as long as V, is greater than 1 volt. Current 
gain generally increases with increasing temperature. In grown-junction 
silicon and germanium, 8 increases about 0.6 percent/degree centigrade 
between —40 and +150 degrees centigrade for silicon and between 
—40 and +50 degrees centigrade for germanium. At higher temperatures, - 
B tends to increase more rapidly and a@ may exceed 1. In alloyed germanium 
above room temperature, 8 may rise slightly, remain constant, or fall, 
depending on the manufacturing process used, but a generally does not 
go above | at any temperature. 


*R. L. Pritchard, “Frequency Variations of Current-Amplification Factor for Junction Transis- 
tors,"’ Proceedings of the IRE, vol. 40, pp. 1476-1481; November, 1952. 
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Collector cutoff current: /., 
increases exponentially with 
temperature (see Fig. 19). In 
silicon at room temperature, 
it is about 2 decades lower 
than in germanium. It also in- 
creases with collector voltage, 
generally because of minute 
surface contamination. 


Noise: Noise figure increases 
with emitter bias current and 
with collector bias voltages 
above about one volt and 
therefore low-noise amplifier 
stages should have V, = 1 
volt and J, should be as low 
as l,, and stability consider- 
ations will permit. Noise figure 
is a minimum when the signal 
source resistance is approx- 
imately 1000 ohms, but the 
minimum is broad, so that re- 
sistances between 300 and 
3000 ohms are usually satis- 
factory. Noise figure tends to 
decrease with increasing fre- 
quency as shown in Fig. 20. At 
low frequencies, the noise 
figure is inversely proportional 
to frequency (1/f noise) and 
differences between units be- 
comes more _ pronounced. 
Quoted figures are usually 
measured at 


Ve = 1.5"to 25 volts 
I, = 0.5 milliampere 


f = | kilocycle 


10000 
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Fig. 19—Change of collector cutoff current with 
temperature. 


Opproximoate noise figure in decibels 


i 
ANTE NS 


frequency in kilocyles 


Fig. 20—Variation of noise figure with frequency. 


Typical values (1956) are between 10 and 20 decibels. 
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Collector capacitance: 


effective space-charge 
—n bose -layer or depletion 
eo V, width layer 


n= 1/2 for step junctions (al- 
loyed) 


base 


Fig. 21—Depletion layer and effective base- 
region width. 


= 1/3 for graded junctions 
(grown) 


This effect is due to space-charge-layer widening (Fig. 21). C, increases 
slowly with increasing J. 


Cutoff frequency: f, increases with increasing collector bias voltage be- 
cause widening of the space-charge layer™ decreases the effective base 
region width (Fig. 21) and for fg in megacycles, 


pee C/W? 
where 


W = width of base region in mils 
C = 5.6 for germanium npn 

= 1.9 for silicon npn 

= 2.6 for germanium pnp 


= 0.4 for silicon pnp 


Basic principles of biasing 


As in the electron-tube triode, the biasing of transistor triodes is fixed by 
two independent parameters but, whereas in the electron tube the simplest 
description of bias conditions results from considering the cathode electrode 
as common and the independent bias parameters as the grid voltage and 
plate voltage, in transistor triodes it is simplest to consider the base electrode 
as common and the independent bias parameters as the emitter current and 


* J. M. Early, “Effects of Space Charge Layer Widening in Junction Transistors,” Proceedings 
of the IRE, vol. 40, pp. 1401-1406; November, 1952. 
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collector voltage. Collector voltage biasing of transistors using a constant- 
voltage source of supply is similar to plate-voltage biasing of tubes. 
Emitter biasing of transistors, however, since it requires a constant bias 
current to be obtained generally from a constant-voltage source, must be 
treated differently than any electron-tube biasing problem. Because the 
emitter-to-base junction is a forward-biased diode, the voltage required 
for any given current is small, generally a few tenths of a volt. For stable 
fixed emitter-current bias, a much larger supply voltage should be used 
together with a current-determining series resistor to provide, in effect, 
a constant-current source not seriously affected by transistor character- 
istics Or supply-voltage variations. 


For biasing purposes, the base electrode is considered common, and the 
emitter current and collector-to-base voltage are fixed whether the base 
electrode is common to input and output signals or not, just as in the 
analogous common-grid and common-plate (cathode-follower) operation 
of tubes. Common-emitter operation of. junction transistors is used often 
and requires that the direct-current circuit consisting of resistors, inductors, 
and transformer windings hold the average emitter current and collector- 
to-base voltage substantially constant while the alternating-current circuit, 
which includes capacitors as well, supplies the signal alternating-current to 
the base and the output alternating-current is taken from the collector. 
Similar considerations apply for grounded-collector operation. 
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@ Transistor circuits 


In this chapter are given in condensed form descriptions of the various 
types of circuits in which transistors are operated together with design 
information enabling the determination of the circuit parameters. The 
following symbols are used. 


A, = current amplification 

Ay = voltage amplification 

= Im/te 

eg = signal input voltage 

G = power gain 

ico = collector current with i, = 0 

iz = load current 

r> = base resistance 

fe = collector resistance 

re = emitter resistance 

fg = generator resistance 

r; = input resistance 

ry = load resistance 

lm = equivalent emitter—collector transresistance 
[fo = output resistance 

yz = load admittance 

Zi = load impedance 

a@.= short-circuit current multiplication factor 


= determinant 
Basic circuits * 
A AEE DRA BEY 


The triode transistor is a 3-terminal device and is connected into a 4- 
terminal circuit in any of 3 possible methods, as illustrated by the charts 
of Figs. 1-3. 


*R. F. Shea et al, “Principles of Transistor Circuits,” John Wiley & Sons, Inc., New York, 
N. Y.: 1953. Also, Staff of Bell Telephone Laboratories, The Transistor, Selected Reference 
Material,” Bell Telephone Laboratories, New York, N. Y.: 1951. Also, W. H. Duerig, et al, 
“Transistor Physics and Electronics,” Applied Physics Laboratory of Joh=s Hopkins University, 
Baltimore, Md.: 1953. 
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Matrixes for transistor networks 
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Fig. 4 gives the properties of properly terminated 4-terminal networks in 
terms of their matrix coefficients, Fig. 5 gives transistor matrixes and Fig. 6 
gives the matrixes of 3-terminal networks. In these figures, 


z1 = load impedance 
Z, = source impedance 
A’ = 211Z22 — Z12Z21 
AY = yuiye2 — Y12Y21 
A” = hiihee — hie, hes 
d = hithes — highes — hig + har + | 
= |] + ha, for junction transistors 
Note that for junction transistors, 
A” K = ha 
and 


hie<X 1 
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Matrixes for transistor networks 
EAE AEA TL NER ES EE RPS EE TEA 


continued 


Fig. 4—Transistor terminal characteristics in terms of 4-terminal matrix coefficients. 


input 
impedance = z; 


A® + 21121 
Z22 + ZI 


Ah+hiyi 
hee + y 


922 + ZI 
AY + giizi 


a1121 + ay 
Q21Z1 + a22 


boozi + bye. 
baz) -- by 


output 


impedance = z, 


A? + Zo0Z, 
21 + Zg 


yu + Yg 
AY + Y22Yg 


A? + goeyg 
ro ct pet) 


Q22Zy + are 
Q21Zg = a1 


by1Zy + bye 


boiZ, =e bos 


ai2 + Q 112] 


ZA? 


bio + boozy 


voltage current 
amplification = A,|amplification = A; 
Z212Z1 221 
Ae znet Ze2 + 21 
mt —Yy21yl 
yoo + yl AY + yuyt 
—heizt —horyt 
hia a7) hee + yt 
92121 921 
grz + 21 A? + giz 
Zl ] 


Qo2 + Q21Z1 


A? 
by + byez 
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Matrixes for transistor networks continued 


Fig. 6—Matrixes of 3-terminal networks exactly expressed in terms of common-base h 
parameters. 


| common base | common emiiter | common collector 
a Aus |)| AY Abe werk, ae 1+ ha 
hoe hoe hee hoe hoe hoo 
Zz 
Eo MUN Fa eee rt Ney a ln Mesias gi 
hoe hes hoo hoe hoo hos 
us Lhe | b— ab | og | 
hu hit Ay Ain hit Ay 
y, 
ho GAD) Ne Sreahan Ate VW he ol 
hiy hy hy yy hi Ay 
hi hie Ayy Ah — hie hi 1 + hoy 
d d 
h 
haa hoe Ms tas uN hoe hy = hoe 
d d 
hoo hye hoo hyg — Ab hee — (1+ had) 
Ah PAR “Ab AR 
g 
hoy Ay ho: + A? hay be hs big 
A Ah Ah ro 
rea At vais) A” hay 1 ha 
hoy hoy Ah+ ho . A®+ hoy Miri at § 1 — hye 
a 
ay Ores AL dele d 
hoy hoy A* + hoy Af + hay 1 — hye Bia) 
a mu | hn ‘ hn 
hye hye A* — hyp A — hye 1+ ha 1 a hee 
b 
hoo Ae hoo Ab hoo ] 


hye hie A — hie Ah — hyp 1 + hoy 1 + hay 


Typical transistor characteristics 
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Typical values of impedances and gains for junction-type and point-contact- 
type transistors are given in Fig. 7. 


Fig. 7—Transistor characteristics (as of 1956). 


| common base 


common emitter 


common collector 


point 
contact 
Maximum voltage am- 
plification = Av with 
fy = 0 and rj = © £936 107 
Maximum current am- 
plification = Ag with 
ry = 0 425 
Input resis- rn =0 8 
tance = 
in ohms l= © 200 
Output resis- |r, =0 | 6X 10? 
tance = ro 
in ohms lg = @!} 1.5 X& 108 
Matched input resis- 
tance in ohms 37 
Matched output resis- 
tance in ohms 3000 
Typical equivalent 
generator resis- 
tance = rg in ohms 300 
Small-signal power 
gain = G with 
typical rg and rj 20 


junction 


17 RO" 


+-0.95 
35 
270 
6.8 X 10° 


5 X 108 


100 


2X 108 


point 
contact 


200 


6 X 10? 


Unstable 


Unstable 


junction 


—1.9X 107} —1.7 & 105 


=i? 


750 


270 


ix 10° 


22 ea 1 


450 


4X 10° 


—_—_—__ ee ee | 


Cascade, series, and parallel circuits 
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point 
contact junction 
] ] 
+0.67 +19 
= 120 
LS OK 1081 5 5k 108 
7.5 37 
22K 104 25 3 10 
Unstable | 6 X 10% 
Unstable | 3X 10° 
ee Ye 3, 
13 12 


Fig. 8 gives the 6 possible forms of equations relating the terminal voltages 
and currents of a 4-terminal network. 


The definitions of the z and h matrix coefficients are also apparent from 
equations in Fig. 8A and C. The definitions of the y, g, a, and b matrix 
coefficients may be found from equations B, D, E, and F, respectively, of 


Fig. 8. 


The use of matrices will frequently simplify the calculations required when 
combining networks, as indicated in the accompanying diagrams. 
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Cascade, series, and parallel circuits continued 
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Fig. 8—Use of matrixes in combining transistor circuits. 
i Ip 
eae saa Pa RES PS 
i, in 
network configuration | 


A. Series (add matrixes) 


4-pole equations 


ig 


C1 = Zitli + Zizie 

C2 = Zarli + Zagie 

iy = yiiei + yicee 
lo = yo1e1 + Y22€2 
ey = hyyii + hy2ee 
ig = heyey at heseo 
ix = giie1 + Qiaie 
C2 = gaie1 + Qoele 
€y = a11€2 — Aigle 
iy = Q2q1€2 — Cagle 
@o = bier — Dioli 


ia boiey a bosit 
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Duality and electron-tube analogy 


Fig. 9—Current-voltage duals. Courtesy of Bell System Technical Journal, 
; voltage operation current operation 
A. Constant-voltage supply. Constant-current supply. 
-—l'~. 
fl nf x 
65 I'= E/r 
B. Series battery and resistance. Constant-current supply and 


resistance in parallel. 
eae 
—|I|wn— Lon fo 
E R R' 
I'=E/r R'=r?/R 
CG. Series battery and resistance. Series battery and resistance. (Equivalent to 


constant-current supply B above 
by Thevenin's theorem). 


E'=(r/R) R'=r?/R 


D: Resistance. — Resistance. 
R R' 
R'=r7/R 
E. Power-sensitive resistance with positive Power-sensitive resistance with negative 
temperature coefficient. temperature coefficient 
7 
7 
. / 
| ee 
E' 
I=E/r E'=rI 
F, Short-circuit-stable negative resistance. Open-circuit-stable negative resistance 
E 
I E' 
V=E/ E'=rl 
G. Capacitance Inductance 
dfn ENV Nee 
fi 
. L'=r?¢ 
H, Ideal transformer of impedance ratio 1:a2 Ideal transformer of impedance ratio a?:1 


on) Sori 


o*:1 
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Duality and electron-tube analogy continued 


Fig. 9—Continued. 


voltage operation current operation 


Transistor plus ideal phase 


I. Suitable electron-tube triode. 
reversing transformer. 


The same constant-r filter section mid-shunt 


J. Any mid-series terminated constant-R 
terminated but with design resistance 


filter section of design resistance R. 
changed to r°/R. 
The transistor is current-operated, not voltage-operated. As a. guide 


in circuit design, it is possible to z f i f 
h l Fig. 10—The 3 basic transistor connections 
replace the constant-voltage source gre at the left and the electron-tube equivalent 


of the electron tube with a current circuits at the right. 
source. This principle (called dual- 
ity) may be extended by replacing 
elements with given voltage char- 
acteristics by elements having 
equivalent current characteristics.* 


transistor circuit electron-tube equivalent 


aie 


Common base. 


mar 


Fig. 9 is a list of current-voltage 
duals. 


It is sometimes possible, when con- 
sideration is given to loading 
effects, to convert electron-tube 
circuits directly to junction-tran- 
sistor circuits by using the electron- 
tube analogy shown in Fig. 10. 


Common emitter. 
*R. L. Wallace, Jr. and G. Raisbeck, 
“Duality as a Guide in Transitor Circuit 


Design," Bell System Technical Journal, vol. pits 


30, pp. 381-417; April, 1951. Common collector. 


Cathode-follower. 
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Small-signal amplifiers 
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General 


Small-signal amplifiers may be designed using the formulas in the pre- 
ceeding section. 


It must be remembered that the transistor is a bilateral device; any change 
in the output circuit will affect all preceeding stages. 


In the application of point-contact transistors, care must be taken to insure 
stability. Junction transistors have a@ <1 and, therefore, should not cause 
instability troubles at low frequencies. 

Biasing 


In both Fig. 11A and B, battery polarity is shown for pnp transistors. The 
polarity is reversed for npn transistors. 


af 


+h 5 — 
A. Two boetteries. B. One battery. 


Fig. 11—Transistor biasing methods. 


In Fig. 11, 
3 =e1 + eg 

€1 = esro/ (rs + ra) 

€2 = esr3/(rg + ro) 

The branch currents in Fig. 11B are: 


Re ico (] oh r3/re + r1/r3) + ae/rs 
1-—atni/re + ri/rs 


- a (i, Fo 3 ico) /a 


c 


Where ico = collector current when i, = 0. 
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Small-signal amplifiers — continued 
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Coupling circuits 


Transistors may be cascaded in much the same manner as electron tubes. 
The common-base, common-emitter, or common-collector configurations 
may be used. The stages may be coupled by transformers or by R-C net- 
works. 


Unlike the unilateral electron tube, the transistor is bilateral and essentially a 
current-operated device. In addition, the transistor (except in common- 
collector circuits) generally has an input impedance that is comparable to or 
lower than the output impedance. It is important that care be taken to match 
impedances between stages. The common-collector stage is a useful 
impedance-matching device and in view of the efficiency of the transistor, 
it can be used for impedance matching in place of a transformer. The 
equations given in Figs. 1-3 may be used to.determine the interstage trans- 
formation ratios. 


Any analysis of a transistor amplifier on a stage-by-stage basis is at best 
but a rough approximation. For accurate analysis, the matrix methods 
described above are available. 


Large-signal operation 


Output stage * 
The transistor output stage has two power limitations: 


a. The maximum voltage that can be applied between the collector and 
base of the transistor. 


b. The temperature rise in the transistor. 


The second limitation is especially important, because it can lead to a “run- 
away” effect. The higher the temperature, the higher the ico, which, in turn, . 
leads to higher temperature and ultimately to failure of the transistor. 


It is possible to obtain efficiencies of the order of 47 percent with class-A 
transistor amplifiers. However, when transistors are used in power stages, 
it is advisable to use class-B amplification, since the output can approach 
3 times the total dissipated power, which is equivalent to 6 times the allow- 
able dissapation of each unit. Furthermore, the no-signal standby power is 
negligible in the class-B circuit. 


The output circuit for the class-B transistor amplifier can be analyzed by 
the same methods used for the conventional electron-tube equivalents. 


* P|. Richards, ‘Power Transistors, Circuit Design and Data,” Transistor Products, Inc., Waltham, 
Mass. 
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Large-signal operation continued 


For a class-B transistor amplifier with sinusoidal driving voltage, 
P= e2/2n 
where 


P = power output 


ry = reflected load resistance 

to one-half the primary A.Transistor branch currents. 8B. Equivalent circuit. 
a Be T +V tf) ts 
where 7 is the efficiency at 1 — 

r 
maximum power-output levels. 
Ee - Fi GC. Voltage-current OD. Forward and reverse 

In actual cases 7 will be 65 characteristic. resistances. 
to 75 percent. Fig. 12—Large-signal transistor operation. Symbol 


’ : ry is the dynamic resistance of the emitter diode 
The equivalent circuit for biased in the forward conducting direction and r, 
large-signal operation is given is the dynamic resistance of the collector diode 
ae biased in the reverse direction. 
in Fig. 12. 


Complementary symmetry 


A class-B transistor amplifier can be constructed without the need for a 
separate phase inverter or a push-pull output transformer. This can be done 
by using a pnp and an npn transistor as shown in Fig. 13. 


The pnp unit will amplify the 
negative part of the input signal 
and the npn transistor will amplify 
the positive part. In this manner, 
phase inversion is automatically 
accomplished. 


The positive and negative signals 
are combined by coupling the two 
outputs. 


Fig. 13—-Complementary symmetry for push- 
pull stage. 


Negative resistance 


Trigger circuits 


Point-contact and hook-collector transistors have an @ that is greater than 
unity. 
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Negative resistance continued 


This can give rise to a negative input resistance that can be utilized in 
switching or regenerative circuits. 


Fig. 14 illustrates the typical input 
characteristic of a common-base 
amplifier. 


The “N"” curve shown in Fig. 14 has = 
counterparts for the common- typical 
=~ a, load line 
— mee, 


emitter and the common-collector 

configurations. These are all the cutoff transition ontoranen 
° e i e 

result of equivalent transistor.prop-. +7900 Ps 16910n et ean 


erties and only the _common-base Fig. 14—Input resistance of a common-base 
curve will be considered in this transistor amplifier. 


discussion. 


Monostable operation is obtained if the load line intersects a positive- 
resistance portion only once, either in the saturation region or in the cutoff 
region. 


Bistable operation is obtained when the load line intersects a positive-, a 
negative-, and again a positive-resistance region. 


Astable operation is obtained when the load line intersects only the 
negative-resistance part of the characteristic. 


A circuit that may be used as.an astable or monostable trigger is shown in 
Rig. 10: 


The emitter current is: 


lo Ce (ry + r)) ft 


/ exp / 
GOL lea panies 


ie = 


The period of the pulse is: 


rely @ in rela (rz + rs) <> rp| 
retn ry (ry tere + 1) 


Fig. 15—Astable or monostable trigger 
circuit. 
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Negative resistance continued 
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Oscillators 

Oscillators may be grouped into two classes: 

a. Four-terminal or feedback oscillators. 

b. Two-terminal or negative-resistance oscillators. 


The feedback oscillators may be constructed with either point-contact or 
junction transistors. 


The design may be based on electron-tube circuit theory and analogy or 
duality ldescribed earlier). 


Fig. 16—Oscillator circuits using nega- 
tive-resistance characteristic of transistor. 


The point-contact and the hook-collector transistor can be used as a two- 
terminal oscillator by placing a resonant circuit in series with the base lead 
(Fig. 16A), or in parallel with the emitter resistance (Fig. 16B), or in parallel 
with the collector resistance (Fig. 16C). 
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Video-frequency amplifiers 


Low-frequency compensation 


A transistor amplifier may be compensated to give an improved low- 
frequency response by splitting the collector load and bypassing a portion 
of this split load. The condition for constant current flowing in the input 
resistance of the next stage is 


ry t+ ref (1 + w? Cy2r9?) wC 
ri  ( wPC ere) UrtoCy) 
where 
ry = unbypassed portion of collector load 
ro = bypassed portion of collector load 
C; = bypass capacitor 
C = coupling capacitor to following stage 
r; = input resistance of following stage 


when re = r1 > 1/wCi, the above equation becomes ry/r;~ C/Cy 


High-frequency compensation 


Transistor video-frequency amplifiers are generally capacitor-coupled 
because of the bandwidth limitations of impedance-matching transformers. 
The common-emitter configuration permits reasonable impedance matching 
and is therefore best suited for this application. 


The input equivalent circuit of a common-emitter stage for high frequencies 
is shown in Fig. 17. 


The input impedance is approximately 


r. 
zi = rsters/[1 + 7 (10F/f0)] : 
where, for most transistors currently 
available for use as video amplifiers, 

Cs la 

rg = 14 
2afaora = 10 
C ofa 10/ 27 foo Fig. 17—Equivalent circuit. 


High-frequency compensation may be obtained if an inductance L is placed 
in series with the collector load resistance r1. The value of the compen- 
sating L may be obtained from the following equations. 
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Video-frequency amplifiers continued 
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A | (3 stu e52 “y" ] 
Eel \ A? + B? oe {[(1/ exo) — 1P + [U/ao) (w/ wo) ]? hile 
where 
] 10a)? 10w 
A= ————————— ] 2 — 2w? Col + (1 — w*Col) 2 —— Cow —— 
ry +re re Tiaveail w* Col + wW"Le see aS 2W ee | 
and 
] 10w \2 wld 10 
B= wl ————————— [ 2C ee — Col —— — — 
Bed Oh pe ie ragT n() Botton ee *) 
If wXwe 
ry ao 
Ai] = ———__ —— 
| 1| eT + 2rs3 ] — Zo 
where 


we = cutoff frequency of amplifier 
ag = low-frequency alpha 
C. = capacitance across L and r; 


In addition to the shunt compensation described above, series inductance 
can be used to resonate with the input capacitance. 


Another method of high-frequency compensation is available. The emitter 
resistance may be only partially bypassed, resulting in degeneration at 
lower frequencies. The compensation conditions are similar to that of 
electron-tube cathode compensation. 


Intermediate-frequency amplifiers 
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Series-resonant interstages 
For the series-resonant coupling circuit (Fig. 18), the power gain per stage is 
G = |b? ro/ra 

For iterated stages, ri1 = rig, and 
G = |b|? 


For common-base stages, 


Gz la |2 ri2/, [31 Fig. 18—Series-resonant interstage circuit. 
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Intermediate-frequency amplifiers continued 
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where 

a = common-base current gain 
b = a/(I-a) 

rs1 = input resistance of stage 


2 = input resistance of following stage 


Junction transistors give less than unity gain in this circuit for common-base 
or common-collector connection. Point-contact transistors may be used in 
the common-base connection. 


fo/ Afsap = Q —e woL/(R + so) 
where 
fo = center frequency 


Afsapy = 3-decibel bandwidth 


Parallel-resonant interstages 


If Q (> 10) includes the effect of the input impedance of the next stage 
for common-base stages (Fig. 19), 


G = lal? Cro/re i 
For common-emitter stages, 
Gz [b|2 Q2ro/ri1 


The formulas below apply also. 


Parallel-resonant interstage with 
impedance transformation: 


Power gain per stage: 


G = A? (n/n) X (fraction of out- 
put power delivered to load) 


Fig. 19—Parallel-resonant interstage circuits. 


Let: 
41 = input resistance of stage 


‘2 = input resistance of next stage 
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Intermediate-frequency amplifiers continued 
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gs = conductance seen at A (Fig. 19) due to rye 


conductance seen at A due to network losses R 


Qn 


Qo = Output conductance of transistor 


ratio of equivalent series resistance seen at A to input resistance of 
next stage 


p 


— ri/ti2 
Zt = 1 + jx1 = total load impedance seen at A 


z fe Nem J Col collector impedanc 
i l + Our OM ‘ 


Then, for common-base stages, power gain is, 


a ds ( Qi ) 
Me teizty Ze ri \gi + Qn 


For common-emitter connection, 


a oo oe ( gi ) 
so ER cag Te 22 
1—a+ 2z,/z, mh \Gs + Gn 
For common-collector stages, 
I oe ( gi ) 
1 —a+ z;/z, hi \Gi te On 


where C is the total C seen at A (Fig. 19) due to the transistor output, 
the coupling network, and the following stage. 


fo WoC 


ie 


a s- 


a 
fsap Ga oa + 9; 


If 21 K ze and gi >> gn (load not matched, network losses low) and successive 
stages are identical (r;3 = ry): 


For common-base stages, 

G = |al?p 

For common-emitter stages, 
— [b|*p 

For common-collector stages, 


G = |b+1|?p 
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Intermediate-frequency amplifiers continued 
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Tuned-circuit interstages 


Other configurations of single-tuned interstage are shown in Fig. 20. Any 
of the 3 transistor configurations may be used in these circuits. 


Double-tuned interstages 
For double-tuned interstages (Fig. 21), the same gain formulas apply as for 
the single-tuned case. For a given bandwidth, however, p may be made larger 


in the double-tuned case. 


The T and m equivalents of the transformers will not always be physically 
realizable. 


For large bandwidth, the condition Q; >> Qz is desirable, since then loading 
resistors are not required with their accompanying power loss. 


For Qi > Qz, for transitional coupling (Fig. 22), 
Afsav/fo = k <= 1/Qe (2) 1/2 


where k = coefficient of coupling. If z; = r; + jx; = input impedance of 
next stage then, 


Wo Lo aan Xi 
Q,=~At* 
ur Gy 
ols 
C, L 
Qan — % ate Sve bs 
lL, = 
Wo 
k 
iy Xi 
= elbow Fig. 22—Double-tuned interstage. 
27 Afsap Wo 


Ls, Co, and x; are series-resonant at fo. 
LiCy — 1/ ao? 
P = Q?C2/Ci 


Ci includes the transistor output capacitance. 
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Neutralization * 


For neutralization (Fig. 23), 
OP = iAG, 


Either point A or point B may 
be at ground potential. The 
choice will depend on the 
relative ease of isolating the 
source or the load _ from 
ground. 


The effect of neutralization 
is to make the 12 term of the | 
matrix equal to zero. Fig. 23—Neutralization of common-base amplifier 


Temperature compensation 


The i, of a transistor may increase 
appreciably with temperature. This 
is objectionable since it increases 
the power dissipated in the transis- 
tor and so increases its temperature 
rise. Two possible methods for 
stabilizing i, against temperature 
variations follow. 


The circuit of Fig. 24A depends on 
negative feedback, similar to cath- 
ode bias in electron tubes, i. 
being stabilized by the degenera- 
tion produced by R, at direct cur- 
rent. Capacitor C must bypass 
R, at the frequencies to be am- 
plified. 


Fig. 24—Two types of temperature com- 
pensation for transistors. 


* A. P. Stern, C. A. Aldrich, and W. F. Chou, “Internal Feedback and Neutralization of Transistor 
Amplifiers,” Proceedings of the IRE, vol. 43, pp. 838-848; July, 1955. 
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Temperature compensation continued 
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For the circuit of Fig. 24A, with a being assumed constant over the operating 
range, 

a ico (] + Ri/Ro + R1/R3) “bh ae/R3 

— a + Ri/Ro + Ri/R3 

When the variation with frequency of the phase shift resulting from Ri and 
C is objectionable, or where C must be made inconveniently large, the 
circuit of Fig. 24B may be used. Since r, and R3 are higher resistances than 
Ry, a smaller C may be used for the same bypassing effect. Here stabilization 


is obtained by the drop in i, influencing base potential and R; is made small 
to minimize degeneration of signal frequencies. 


If R3 > Ri and Po >> Ri, then 


eI! nm Ri/Re ota Ri /R3 + (r-/R3) (1 + Ri /R2) 


Pulse circuits 


Transistors may be utilized for the generation, amplification, and shaping 
of pulse waveforms. 


The Ebers and Moll* equivalent circuits of Figure 25 give the large-signal 
transient response of a junction transistor. The parameters are defined as 
follows: 


leo = saturation current of emitter junction with zero collector current 


"i,o = saturation current of collector junction with zero emitter current 


Q@, = transistor direct-current gain with the emitter functioning as an emitter 
and the collector functioning as a collector (normal a) 


a; = transistor direct-current gain with the collector functioning as an 
emitter and the emitter functioning as collector (inverted a) 


oe a in| - sta +1 
g 1e0 


= emitter-to-junction voltage 
kT i Ani 
oS ——\n| — ie T Gale aie 
gq 160 
= collector-to-junction voltage 
* J. J. Ebers and J. lL. Moll, “Large-Signal Behavior of Junction Transistors: also, J. L. Moll, 


“Large-Signal Transient Response of Junction Transistors," Proceedings of the IRE, vol. 42, 
pages 1761-1772, 1773-1784; December, 1954. . 
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The switching time can be 
calculated from the small- 
signal equivalent circuit 
parameters, the turn-on 
time, from cutoff to satura- 
tion, depends on the fre- (1- an) igo 
quency response of the 1- On &; 
transistor in the active re- 
gion. The turn-off time, 
from saturation to cutoff 
depends on minority carrier 
storage time and decay 
time. Carrier storage time 
is that required for the 
Operating point to move 
out of the saturation region 
into the active region on 8, Region m. 

removal of the ave ral Fig. 25—Low-frequency large-signal equivalent circuit 
rent and is a function of of a junction transistor. 

the frequency response of 

the transistors in the saturation region. Decay time follows the storage 
time and returns the transistor to cutoff; it depends on the frequency 
response in the active region. Switching time of order 3/w,, is realized if 
carrier storage is avoided. 


A. Regions I and IL. 


] led 


On leg pay 0.9 i,/ Qn 


Turn-on time 


R (69) he W; i 2 — i 1 
Storage time = ——*~———. |n ——__— 
Wn: (l-a,a) i, / An + ie 
P 1 i oa a, | 2 
Decay time = — In —*——*——_ 


wy lig + Oy iea) /10 


where 


Wn = cutoff frequency of normal alpha 
w; = cutoff frequency of inverted alpha 


ier, ieg = emitter current before and after switching step is applied 


i, = collector current in the saturation state. 


k 


Boltzmann's Constant 
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Pulse circuits continued 


| 
I 


absolute temperature 


q = charge on electron 


Measurement of small-signal parameters 
SATIS TAA EAL SITE TEE EV PASTE TE IS MRE FE SO! NAL TESS 


The small-signal parameters may be represented by ratios of small alter- 
nating voltages and currents if care is taken to keep the magnitudes of these 
signals small compared to direct-current condition. For instance, 


Ziti — le +r 


- OVe cd Bee A A) dave 
OG le ices Pak 


Also, 


Z11 = @1/i1 when ip = 0 
212 => e1/i2 when y= 0 
221 = @2/i1 when lo = 0 
Z22 = eo/i2 when iy = 0 
and 

hia = e1/i1 when eg = 0 
his = e1/e2 when iy =.0 
hot = io/ iz when eo, = 0 
hoo = ig/ eo when iy = 0 
Fig. 26 indicates the use of matrixes for solution of transistor parameters, 
where 

Zu =r +r 

Z12 = lb 

Z21 = 1 + arr, 


Zoo = re t+ 
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Measurement of small-signal parameters continued 
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and 


Au = re + re + hairs 

hie = ro/ (re + ro) 

hoy = — (re + are) / (re + re) 
hoo = 1/(re + ro) 


Fig. 26—Transistor parameters in terms of common-base matrix coefficients. 


| Zz | h 
Pi h 
le Z11 Z12 hee 12 () on 
hoe 

le £22 = 1219 (] — hie) /hee 

Fb Z12 hie/hee 

I'm 221 — Z12 on hoy + hie 
hoe 

a £21 — 212 her — hye 


Z22 — Ze 1 — hye 
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ne @ Modulation 


The material in this chapter is divided into two sections on continuous-wave: 
(cw) and noncontinuous (pulse) relations. 


Continuous-wave modulation 


The process of continuous-wave modulation of a radio-frequency carrier 
y = Alt) cos y(t) is treated under two main headings as follows: 


a. Modification of its amplitude A(t) 


b. Modification of its phase y(t) 
For a harmonic oscillation, y(f) is replaced by (wt + @¢), so that 


y = Alt) cos (wt + ¢) = Alt) cos Wit) 


6 
A is the amplitude. The whole argument of the cosine Wit) is the phase. 


Amplitude modulation 


In amplitude modulation (Fig. 1), w is constant. The signal intelligence fit) 
is made to control the amplitude parameter of the carrier by the relation 


Alt) = [Ao + a fit)] 
= Aol] -+- Ma f(t) ] 
Maho COS wt -COS pt 


2 + MgAQCOS (w+p)t 


A,COS wt 


wp o w+p 


vector or time representation frequency spectrum 


Fig. 1—Vector and sideband representation of amplitude modulation for a single 
sinusoidal modulation frequency (a cos pf). 
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Continuous-wave modulation continued 


where 
v(t) = wot + 
w = angular carrier frequency 
@ = carrier phase constant 
Ao = amplitude of the unmodulated carrier 


a = maximum amplitude of modulating function 


f(f) = generally, a continuous function of time representing the signal; 
OG At I | 


ma = a/Ao = degree of amplitude modulation; 0 < me < 1 
y = Ao[] + maflt)] cos (wt + ¢) 


For a signal f(f) represented by a sum of sinusoidal components 


K=m 


aflt!= )) ax cos (pgt + Ox) 
K=1 


where px is the angular frequency of the kth component of the modulating 
signal and @x is the constant part of its phase. 


Assuming the system is linear, each frequency component px gives rise to 
a pair of sidebands (w + px) and (w — px) symmetrically located about 
the carrier frequency w. 


K=m 
y = Ao [ AF al ax cos (pxt + 6x) | cos (wt + ¢) 


Ao k=1 


The constant component of the carrier phase ¢ is dropped for simplification. 


K=m 
y = Aocos (wt) -+ (cos wt) [ Me ax cos (pxt + ax) | 
K=1 : 
——— CSE SRE Soir ares pee ences een. <'Y, 


carrier modulation vectors 


= Apcos wt + 5008 [a+ pdt + A] + 3 008 [la — pit — 0] + ---> 
carrier upper sideband lower sideband 
4- 3 cos [(w + palt + On] + =F cos [lo — pmlt — Om 
Sc nn per lh —— em“ 


upper sideband iower sideband 
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Continuous-wave modulation = continued 


1 K=m 
Degree of modulation = — » Qx for p's not harmonically related. 
0K=1 
(crest I) — (trough ampl) 
Percent modulation = > or OP x 100 
(crest ampl) -+ (trough ampl) 
Percent modulation may be measured by means ifahek ees 


of an oscilloscope, the modulated carrier 
wave being applied to the vertical plates and 
the modulating voltage wave to the horizontal 
plates. The resulting trapezoidal pattern and 
a nomograph for computing percent modu- 


lation are shown in Fig. 2. The dimensions A 
and B in that figure are proportional to the crest amplitude and trough 
amplitude, respectively. 


Peak voltage at crest for p's not harmonically related: 


K=m 
Parest ar Ao, rms [ +h ay > ax | x (2)4 
Ao K=1 


Effective value of the modulated wave in general: 


] K=m : \% 
Aen = Ao, rms [ aE Bua > af 
2A3 


In the design of some components of a system, such as capacitors and 
transmission lines, frequently all the signal is considered as being present 
in One pair of sidebands. Then the peak voltage and the kilovolt-amperes 
are as follows, 


Voeak, crest — (1 + ma) V beak, carrier 


(kva) = (1 + mq2/2) (kvQ) carrier 


where mg is the degree of amplitude modulation. For example, if the design 
is for a 1-kilowatt carrier, 100-percent modulated, mg = 1.00 and the power 
at full modulation is 1.50 kilowatts. The effective current is (1.50)!/2 = 1.225 
times the root-mean-square carrier current. 
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Continuous-wave modulation = continued 


wm! -—=- 
p> ath | 


To determine the modulation percentage from an oscillogram of type illus- 
trated apply measurements A and B to scales A and B and read percentage 
from center scale. Any units of measurement may be used. 


Example: A = 3 inches, B = 0.7 inches; modulation = 62 percent. 


Fig. 2—Modulation percentage from oscillograms. 
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Systems of amplitude modulation 


The above analysis shows how two sidebands are generated when the 
amplitude of a carrier signal is controlled by a modulation signal. It is 
apparent that the desired information is contained in the sidebands, and, 
in fact, in either sideband alone. Consequently, there have arisen three 
additional systems of amplitude modulation other than double-sideband 
with full carrier. These are: suppressed-carrier, single-sideband, and 
vestigial-sideband modulations. 


Suppressed-carrier modulation: It is sufficient to transmit only enough 
carrier so that at the receiver this carrier can be used to control the 
frequency and phase of a locally generated carrier. The locally generated 
carrier may be made sufficiently large to reduce the effective percentage 
of modulation. This will aid in removing the distortion inherent in some 
types of detectors when the modulation percentage approaches or exceeds 
100 percent. 


Single-sideband modulation: Single-sideband systems are used to translate 
the spectrum of a modulation signal to a new space in the frequency 
domain with or without inversion. Substantially no carrier voltage is trans- 
mitted in this system. The principal advantage is that the effective bandwidth 
required for transmission is half that required for a double-sideband system. 
It is required, in order to demodulate this signal, that a locally generated 
carrier be supplied. This carrier must be very close to the frequency of the 
carrier used in the modulation process at the transmitter to preserve the 
spectral components in the derived modulation signal. 


Vestigial-sideband modulation: Single-sideband systems are at a serious 
disadvantage when the modulation signal contains very-low frequencies. 
It becomes increasingly difficult as the low-frequency limit approaches 
zero frequency to suppress the adjacent portion of the unwanted sideband. 
However, it is not necessary to suppress the unwanted sideband completely. 
If the characteristic that modifies the two sidebands satisfies certain require- 
ments, then the modulating wave can be recovered without distortion with 
a product demodulator. This is known as a_ vestigial-sideband system. 
Envelope detectors can also be employed provided that the modulation 
percentage is not too high. Excessive distortion will otherwise result. 
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Continuous-wave modulation continued 


Angular modulation 


All sinusoidal angular modulations derived from the harmonic oscillation 
y = Acos (wt + @) can be expressed in the form 


y = Acos wit) 
= Acos (wot + Ad cos pt) 
where the oscillating component A@ cos pt of the phase excursion is deter- 


mined by the type of angular modulation used. In all angular modulations A 
is constant. 


Frequency modulation 
y = Aocos wit) 


The signal intelligence f(t) is made to control the instantaneous frequency 
parameter of the carrier by the relation 


wilt) = wo + Aw Fit) 


where 

w(t) = instantaneous frequency 
= dy(t) /dt 

vl) = S wlt) dt 


wo = frequency of unmodulated carrier 
Aw = maximum instantaneous frequency excursion from wo 


For single-frequency modulation f(t) = cos pt, 


Aw 
y = Acos (ce i asin ) 
p 


Aw/p = Aé (in radians) is the modulation index. The phase excursion A@ is 
inversely proportional to the modulation frequency p. In general for broad- 
cast applications, Aw < wo and Aé > 1. 


Phase modulation 


y = Ao cos Wit) 


The signal intelligence f(t) is made to control the instantaneous phase 
excursions of the carrier by the relation 69 = A@ fit). 
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0 


Wit) = [wot + Ad fl] = i wit) dt 


y = Acos [wot + Ad fit] 
For sinusoidal modulation f(t) = cos pt, 


y = Acos (wot + Ad™ cos pf) 


Maximum phase excursion is independent of the modulation frequency p. 


The instantaneous frequency of the phase-modulated wave is given by the 
derivative of its total phase: 


wlt) = dy(t)/dt = (wo — pA@ sin pf) 


Aw = wlt) — wo = —pdA6 sin pt 


Maximum frequency excursion Aw = —pA@ is proportional to the modula- 
tion frequency p. 


lower sideband 
(A8/2)A 


(48/2)a 


product 
sideband 


o-p V 


lower sideband 


(w-p) w (wp) 


amplitude-modulated wave 


Fig. 3—Sideband and modulation vector representation of angular modulation for 
Ad < 0.2 as well as for amplitude modulation. 
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Sideband energy distribution in angular modulation 
y = Acos (wot + A cos pi) 


for A@ < 0.2 and a single sinusoidal modulation. See Fig. 3. 
y = Alcos wot — A@é cos pt sin wot) 


YT’ YM 
carrier modulation vector 


=A | cos wot — S sin (wo + p)t — = sin (wo — ar] 


carrier upper sideband lower sideband 


Frequency spectrum of angular modulation: No restrictions on Aé. 


y = Acos (wot + A@é cos pf) 


A[Jo(A@) cos wot — 2J,(A8) cos pt sin wot 
— 2Je(A@) cos 2pt cos wot 
+ 2J3(A@) cos 3pt sin wot 


I 


This gives the carrier modulation vectors. See Fig. 4. 


-2J,(A9)SINwot X COS pt 


~2J(A68) X 
COSuot X COS 2pt 


+ 23(48) SIN wot Jo(A8 )COS wot 


X COS 3pt 


vector or time representation 


° 
3 


So-P 


Fig. 4—Sideband and modulation vector 
representation of single-frequency angular 
modulation. frequency spectrum 


Wotp 
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The sideband frequencies are given by 
y = A{Jo(A@) cos wot — Ji (AA) [sin (wo + p)t + sin (wo — p)tl 

oe Jo (A) [cos (wo + 2p) t oa COS (wo a 2p) t] 

+ J3(AA)[sin (wo + 3p)t + sin (wo — 3p)t]} 
Here, J,(A@) is the Bessel function of the first kind and nth order with 
argument A@. An expansion of J,(A@) in a series is given on page 1085, 
tables of Bessel functions are on pages 1118 to 1121; and a 3-dimensional 


representation of Bessel functions is given in Fig. 5. The carrier and sideband 
amplitudes are oscillating functions of A@é: 


Carrier vanishes for A@ radians = 2.40; 5.52; 8.65 + nr 
First sideband vanishes for A@ radians = 3.83; 7.02; 10.17; 13.32 + nz 


The property of vanishing carrier is used frequently in the measurement of 
Aw in frequency modulation. This follows from Aw = (A@) (p). Knowing 
A@ and p, Aw is computed. 


ist line of zeros 


2nd line of zeros 


Fig. 5—Three-dimensional representation of Bessel functions. 


536 CHAPTER 19 


Continuous-wave modulation continued 
A AL A OORT 


The approximate number of important sidebands and the corresponding 
bandwidth necessary for transmission are as follows, where f = p/2r and 
Af = Aw/2rn, 


| Ad =5 | Ad = 10 | Aé = 20 
Signal frequency 0.2 Af 0.1 Af 0.05 Af 
Number of pairs of sidebands 7 13 23 
Bandwidth 14 f 26 f 46 f 
2.8 Af 2.6 Af 2.3 Af 


This table is based on neglecting sidebands in the outer regions where all 
amplitudes are less than 0.02A9. The amplitude below which the sidebands 
are neglected, and the resultant bandwidth, will depend on the particular 
application and the quality of transmission desired. 


Interference and noise in am and fm 


Interference rejection in amplitude and frequency modulations: Simplest 
case of interference; two unmodulated carriers: 


€9 = desired signal 
= E sin wot 
€, = interfering signal 


Fi sin wit 


The vectorial addition of these two results in a voltage that has both 
amplitude and frequency modulation. 
Amplitude-modulation interference 


E, = resultant voltage 


= Eo [ + =* cos (ww, — oat for FE; K Ey 


0 


The interference results in the amplitude modulation of the original carrier 
by a beat frequency ee to (wo — w1) having a Hispeoneea seh index ecu 
to E,/Eo. 


J Gad oa 
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Continuous-wave modulation continued 


Frequency-modulation interference 
w(t) = resultant instantaneous frequency 


= wo + = (w1 — wo) cos (w, — alt for Ey K Ep 
0 


Aw, = wlt) — wo = 3 (wi — wo) cos (w; — Wo) f 
0 


The interference results in frequency modulation of the original carrier 
by a beat frequency equal to (wo — w;) having a frequency deviation 
ratio to maximum desired deviation equal to Fy(w; — wo) /EgAw and relative 
interference of 


( evterence amplitude mosicten eh Aw 
(a4 


interference frequency modulation — ar) 


where Aw is the desired frequency deviation. 


Noise reduction in frequency modulation: The noise-suppressing properties 
of frequency modulation apply when the signal carrier level at the frequency 
discriminator is greater than the noise level. When the noise level exceeds 
the carrier signal level, the noise suppresses the signal. For a given amount 
of noise at a receiver there is a sharp threshold level of frequency-modula- 
tion signal above which the noise is suppressed and below which the signal 
is suppressed. This threshold has been defined as the improvement threshold. 
For the condition where the threshold level is exceeded: 


Random noise: Assuming the receivers have uniform gain in the pass band, 
the resultant noise is proportional to the square of the voltage components 
Over the spectrum of noise frequencies: 


(= signal/random-noise ratio = (34 Aw _ (3) 47 
am signal/random-noise ratio p 
Impulse noise: Noise voltages add directly: 
é signal /impulse-noise ay ¥ 7 Ae Lenya, 
am signal/impulse-noise ratio p 
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The carrier signal required to reach the improvement threshold depends 
on the frequency deviation of the incoming signal. The greater the devia- 
tion, the greater the signal required to reach the improvement threshold, 
but the greater the noise suppression, once this level is reached. Fig. 6 
illustrates this characteristic. 


oO = 

a < 20 

1°’ ea 
Feo Ieee 
Fig. 6—Improvement threshold for frequency § 5 im , Me 
modulation. Deviation A@ affects amount of “ & Ltt Abst 
signal required to reach threshold and also % 
amount of noise suppression obtained. Solid line = 
shows peak, and dotted line the root-mean- a -10 0 10 20 30 
square noise in the output. : ; 

Courtesy of McGraw-Hill Book Company decibels am carrier/peak noise 


In amplitude modulation, the presence of the carrier increases the back- 
ground noise in a receiver. In frequency modulation, the presence of the 
carrier decreases the background noise, since the carrier effectively 


suppresses if. 


Pulse modulation 


The process of pulse modulation covers methods where either the amplitude 
or time of occurrence of some characteristic of a pulse carrier are con- 
trolled by instantaneous samples of the modulating wave. 


Sampling 


Instead of transmitting a 
continuous signal, it is 
sufficient to sample the 
signal at regular, dis- 
crete time intervals and 
to transmit information 
regarding the signal am- 
plitudes at the sampling 
times only. This infor- 
mation may be put into 
any one of many differ- 
ent forms. It may be used 
to amplitude-modulate a 
. pulse train (pam), time- 
modulate a pulse train 


C) 
g modulation 
= 
a. 
E Pi es ~~ 7 a 
ea oo pam 
pdm 
ppm - ptm 
oo" = aa 2 | re | 
=. Pid = pfm 
san aren oppeas oqqens fang 8 
oe SUA sl] Es RES es 
‘ ’ one on Three t) pcm 
time 


Fig. 7—Pulse trains of single channels for various 
pulse systems, showing effect of modulation on am- 
plitude and time-spacing of subcarrier pulses. The 
modulation signal is at the top. 
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Pulse modulation continued 
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(ptm), etc., as shown in Fig. 7. The original signal can be recovered from 
the pulse-modulated signal provided that the sampling rate is sufficiently 
high. The minimum sampling frequency is given by 


a Thad 
where > 
e 
® 3w 
f, = sampling frequency g 
m = largest integer not exceeding = 
fi, /w 5 lw 


0 lw 2wsoSw aw Sw 6w 
w = (f, — f) = modulation - fre- f, = highest modulation frequency 


quency bandwidth Fig. 8—Minimum sampling frequency versus 
highest frequency in the modulation-fre- 
f, = highest frequency limit of quency band as a function of modulation- 


modulation-frequency band _ freavency bandwidth. 


f, = lowest frequency limit of modulation-frequency band 


A plot of this relation in terms of the quantities fp, fr, and w is shown in 
Fig. 8. For example, if f, = 7.5 kilocycles and fy = 4.5 kilocycles, then 
w = 3 kilocycles or fy = 2.5w. Then, fp = 2.5w = 7.5 kilocycles. 


In practice, a value of f, 15-percent larger than that given in the above 
formula is utilized. This permits the sampling components to be separated 
from the voice components with a more-economical filter. Inherent spurious 
distortion is introduced by the modulation process in conventional pulse- 
time modulation (but not in pulse-amplitude modulation) and for distortion 
requirements of less than 1 percent, a factor of 2.5 to 3 in the above 
formula is recommended. 


Basic modulating and encoding methods 


Pulse-time modulation (ptm) in which the values of instantaneous samples of 
the modulating wave control the time of occurrence of some characteristic 
of a pulse carrier; the amplitude of the individual pulses being fixed. 


Pulse-amplitude modulation (pam) in which the values of the instantaneous 
samples of the modulating wave control the amplitude of a pulse carrier; 
the time of occurrence of the individual pulses being fixed. 
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Pulse modulation continued 


Pulse-code modulation (pcm) in which the modulating wave is sampled, 


quantized, and coded. 


Pulse-time-modulation types 


Pulse-position modulation (ppm) in which each instantaneous sample of a 
modulating wave controls the time position of a pulse in relation to the 
timing of a recurrent reference pulse. 


Pulse-duration modulation (pdm) in which each instantaneous sample of the 
modulating wave controls the time duration of a pulse. Also called pulse- 
width modulation (pwm). 


Pulse-frequency modulation (pfm) in which the modulating wave is used to 
frequency-modulate a carrier wave consisting of a series of pulses. 


Additional methods that include modified-time-reference and pulse-shape © 
modulation. 
Pulse-amplitude-modulation types 


Pulse-amplitude modulation (pam) used when the modulating wave is 
caused to amplitude-modulate a pulse carrier. Forms of this type of modula- 
tion include single-polarity pam and double-polarity pam. 


Pulse-code-modulation types 


Binary pulse-code modulation (pcm): Pulse-code modulation in which the 
code for each element of information consists of one of two distinct kinds — 
or values, such as pulses and spaces. Fig. 9 shows a 32-level binary code 
raster. A level of 21 in decimal notation is represented in this method 


By Ate Leal deed ial 


femmmmnimaemee a 3 
SLITIT TT] SS8SQQGWE TTT TT TT RWWQGNGNG 
fs NNNSNERRENNNNEEBEENNNNEEEENSNS 
2 SNEENNEE NNER NNEBNNEENNEENNEEN\S 
NENG NE NENENENENENENENENENENENEN 


o'!234 5 6 7 6 9 10 II 12 13 14 15 16 I7 18 19 20 2) 22 23 24 25 26 27 28 29 30 FI 


SGGYGGGAIWAWWAG 


Fig. 9—Binary code raster for 32 levels. 
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Ternary pulse-code modulation (pcm): Pulse-code modulation in which. the 
code for each element of information consists of any one of three distinct 
kinds or values, such as positive pulses, negative pulses, and spaces. 


N-ary pulse-code modulation (pcm): Pulse-code modulation in which the 
code for each element of information consists of any one of N distinct kinds 
or values. 


Terminology 


Baud: The unit of signaling speed equal to one code element per second. 
The signaling speed is sometimes measured in cycles per second. See p. 846. 


Clipper: A device that gives output only when the input exceeds a critical 
value. 


Code: A plan for representing each of a finite number of values as a par- 
ticular arrangement of discrete events. 


Code character: A particular arrangement of code elements used in a code 
to represent a single value. 


Code element: One of the discrete events in a code. 


Limiter: A device whose output is constant for all inputs above a critical 
value. 


Noise improvement factor (nif): Ratio of receiver output signal-to-noise 
ratio to the receiver input signal-to-noise ratio. (Receiver is used in the 
broad sense and is taken to include pulse demodulators.) 


PCM level: The number by which a given subrange of a quantized signal 
may be identified. 


Pulse decay time: The time required for the instantaneous amplitude to go 
from 90 percent to 10 percent of the peak value. 


Pulse duration: The time required for the instantaneous amplitude to go 
from the 50-percent point of the leading edge through the peak value and 
return to the 50-percent level of the trailing edge. 


Pulse improvement threshold: In constant-amplitude pulse-modulation sys- 
tems, the condition that exists when the ratio of peak pulse voltage to peak 
noise voltage exceeds 2 after selection and before any nonlinear process 
such as amplitude clipping and limiting. The ratio of peak to root-mean- 
square noise voltage is ordinarily taken to be 4. Therefore, at the improve- 
ment threshold, the ratio of peak to root-mean-square noise voltage is 
taken to be 8 (or 18 db). 


Pulse regeneration: The process of replacing each code element by a new 
element standardized in timing and magnitude. 
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Pulse rise time: The time required for the eaunatiee amplitude to go 
from 10 percent to 90 percent of the peak value. 


Quantization: A process wherein the complete range of instantaneous 
values of a wave is divided into a finite number of smaller subranges, each 
of which is represented by an assigned or quantized value within the 
subranges. 


Time gate: A device that gives output only during chosen time intervals. 


Quantization distortion: The inherent distortion introduced in the process of 
quantization. This is sometimes referred to as quantization noise. 
Pulse bandwidth 


The bandwidth necessary to transmit a video pulse train is determined by 
the rise and decay times of the pulse. This bandwidth F, is approximately 
given by 


Es ar 1/2t- 


where f, is the rise or decay time, whichever is the smaller. 


The radio-frequency bandwidth Fr is then 
Fr = War 


for amplitude-keyed radio-frequency carrier. Bandwidth is 


for frequency-keyed radio-frequency carrier where m is the index of 
modulation. 


Time-division multiplex 


Pulse modulation is commonly used in time-division-multiplex systems. Be- 
cause of the time space available between the modulated pulses, other 
pulses corresponding to other signal channels can be inserted if they are 


Fig. 10—Time-multiplex train of subcarrier pulses for 8 channels and marker 
pulse M for synchronization of receiver with transmitter. 
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Pulse modulation continued 

in frequency synchronism. A multiplex train of pulses is shown in Fig. 10. It 
is common practice to use a channel or a portion of a channel for syn- 
chronization between the transmitter and the receiver. This pulse is shown 
as M insFig. 10. This synchronizing pulse may be separated from the signal- 
carrying pulses by giving it some unique characteristic such as modulation 
at a submultiple of the sampling rate, wider duration, or by using two or 
more pulses with a fixed spacing. 


’ Signal-to-noise ratio 


The signal/noise improvement factors (nif) for the pulse subcarrier are as 
follows: 


Pulse-amplitude modulation: If the minimum bandwidth is used for trans- 
mission of pam pulses, the signal/noise ratio at the receiver output is equal 
to that at the input to the receiver. The improvement factor is therefore 
unity. 


Pulse-position modulation: By the use of wider bandwidths, an improve- 
ment in the signal/noise ratio at the receiver output may be obtained. 
This improvement is similar to that obtained by frequency modulation 
applied to a continuous-wave carrier. Since ppm is a constant-amplitude 
method of transmission, amplitude noise variations may be removed by 
limiting and clipping the pulses in the receiver. An improvement threshold 
is then established at which the signal/noise power ratio s/n at the 
receiver output is closely given in decibels by 


s/n = 18 db + nif) 

Where the noise improvement factor (nif) for pulse-position modulation is 
given by 

(nif in db) = 20 logio (6/t,) 

where 

6 


fy = rise time of received pulses 


peak modulation displacement 


Pulse-code modulation: The output signal/noise ratio is extremely large after 
the improvement threshold is exceeded. However, because of the random 
nature of noise peaks, the exact threshold is indeterminate. The output 
signal/noise ratio in decibels can be closely given in terms of the input 
power ratio for a binary-pcm system by | 


(decibels output s/n) = 2.2 X (input s/n) 
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Pulse modulation — continued 


For N-ary codes of orders greater than 2, the (nif) is less than that for 
the binary code, and decreases with larger values of N. 


The over-all radio-frequency-transmission signal/noise ratio is determined 
by the product of the transmission and the pulse-subcarrier improvement 
factors. To calculate the over-all output s/n ratio, the pulse-subcarrier 
signal/noise ratio is first determined using the radio-frequency modulation- 
improvement formula. This value of pulse s/n is substituted as the input s/n 
in the above equations. 


Quantization noise 


In generating pulse-code modulation, the process of quantization is intro- 
duced to enable the transformation of the sampled signal amplitude into 
a pulse code. This process divides the signal amplitude into a number of 
discrete levels. Quantization introduces a type of distortion that, because 
of its random nature, resembles noise. This distortion varies with the number 
of levels used to quantize the signal. The percent distortion D is given by 


D = [1/(6)“L] x 100 


where L is the number of levels on one side of the zero axis. 


Cross-talk 


An important characteristic of a multiplex system is the interchannel cross- 
talk. Such cross-talk can be kept to a low value by preventing excessive 
carryover between channel pulses. 


Pulse-amplitude modulation: The cross-talk is directly proportional to the 
amplitude of the decaying pulse at the time of occurrence of the following 
channel. If the pulse decays over a time T in an exponential manner, such 
as might be caused by transmission through a _ resistance-capacitance 
network, the cross-talk ratio is then 


(pam cross-talk ratio) = exp (2zF,T) 
where F, is measured at the 3-decibel point. 
Pulse-position modulation: The cross-talk ratio under the same conditions is 


exp (2xF,T) 5 


(ppm cross-talk ratio) = 
sinh (27F,6) t, 


Pulse-code-modulation: Cross-talk between channels in a pem system will 
arise if the carryover from the last pulse of a channel does not decay to one- 
half or less of the amplitude of the pulse at the time of the next channel. 
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Pulse modulation continued 
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Pulse-modulation spectrums 


The approximations Jn (x) = (x/2)"/n! and sin xx used in Figs. 11 and 12 
are valid for small arguments typical of time-division-multiplex equipment. 
When in doubt, use the exact magnitudes that are listed first. 


The following list defines the symbols used in expressing the spectrums of a 
sampled modulating signal. 
4 


A= 
Ao = 


Ac 


A. amp 
Au +q+mp 
Jn (x) 


m 


Ma 


average amplitude of pulse in peak volts 
magnitude of the direct-current component in volts 


peak amplitude of radio-frequency carrier component in peak 
volts 


Peak magnitude of the mth sampling carrier-frequency harmonic 
component in peak volts 


peak magnitude of the nth upper and lower audio sidebands 
about the mth sampling carrier-frequency harmonic component 
in peak volts 


peak magnitude of the nth-modulation-frequency harmonic 
component in peak volts 


peak magnitude of the sampling carrier-frequency component 
in peak volts 


peak magnitude of the modulation-frequency component in 
peak volts 


peak amplitude of the modulating signal or peak excursions 
from the average pulse amplitude for pulse-amplitude mod- 
ulation in peak volts 


peak magnitude of the radio-frequency carrier-frequency 
component in peak volts 

peak magnitude of the audio-frequency sidebands about the 
radio-frequency carrier-frequency component in peak volts 
peak magnitude of the sampling carrier sidebands about the 
radio-frequency carrier-frequency component in peak volts 
peak magnitude of the mth sampling-carrier sidebands about 
the audio sidebands of the radio-frequency carrier-frequency 
component in peak volts 


= Bessel function of the first kind, of nth order and pidupent ~ 


harmonic order of the sampling carrier p 


degree of amplitude modulation of radio-frequency carrier 
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Pulse modulation 
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continued 


Fig. 11—Video-frequency pulse-modulation spectrums. 
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Pulse modulation continued 


n = harmonic order of the modulation frequency q 
p = angular sampling carrier or repetition frequency in radians/second 
gq = angular modulation frequency in radians/second 


T = 22/p = average interval between samples or repetiton period in 
seconds 


6 = peak excursion or deviation of entire ppm pulse or modulated pdm (or 
pwm) pulse edge from its average position in seconds 


A = average pulse duration in seconds 


6, = arbitrary phase shift of the modulating signal at time t = 0 with respect 
to the sampling pulse in radians 


w = angular radio-frequency carrier frequency in radians/second 


Fig. 12—Radio-frequency pulse-modulation spectrums. 
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@ Transmission lines 


General 


The formulas and charts of this chapter are for transmission lines operating 
in the TEM mode.* At the beginning of several of the sections (e.g., ‘Funda- 
mental quantities,” “Voltage and current,” “Impedance and admittance,” 
“Reflection coefficient’) there are accurate formulas, according to 
conventional transmission-line theory. These are applicable from the lowest 
power and communication frequencies, including direct current, up to the 
frequency where a higher mode begins to appear on the line. 


Following the accurate formulas are others that are specially adapted for 
use in radio-frequency problems. In cases of small attenuation, the terms 
a’x? and higher powers in the expansion of exp ax, etc., are neglected. 
Thus, when ax = (a/8)@ = 0.1 neper (or about one decibel), the error 
in the approximate formulas is of the order of one percent. 


Much of the information is useful also in connection with special lines, such 
as those with spiral (helical) inner conductors, which function in a quasi-TEM 
mode; likewise for microstrip. 


lt should be observed that Zp and Yo are complex quantities and the 
imaginary part cannot be neglected in the accurate formulas, unless pre- 
liminary examination of the problem indicates the contrary. Even, when 
attenuation is small, Zo = 1/Yo must often be taken at its complex value, 
especially when the standing-wave ratio is high. In the first few pages of 
formulas, the symbol Ro is used frequently. However, in later charts and 
special applications, the conventional symbol Zo is used where the context 
indicates that the quadrature component need not be considered for the 
moment. 


Rule of subscripts and sign conventions 


The formulas for voltage, im- 
pedance, etc., are generally for 
the quantities at the input ter- 
minals of the line in terms of those. 
at the output terminals (Fig. 1). 
In case it is desired to find the 
quantities at the output in terms 
of those at the input, it is simply 
necessary to interchange the sub- 
scripts 1 and 2 in the formulas  Fig.1—Transmission line with generator, load. 


*The information on pp. 549-583 is valid for single-mode waveguides in general, except for 
formulas where the symbols R, L, G, or C per unit length are involved. 
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General continued 


and to place a minus sign before x or 6. The minus sign may then be cleared 
through the hyperbolic or circular functions; thus, 


sinh (—yx) = — sinh yx, etc. 


Symbols 


Voltage and current symbols usually represent the alternating-current com- 
plex sinusoid, with magnitude equal to the root-mean-square value of the 
quantity. 


Certain quantities, namely C, c, f, L, T, v, and w are shown with an optional 
set of units in parentheses. Either the standard units or the optional: units 
may be used, provided the same set is used throughout. 


A = 10 logio (1/) = dissipation loss in a length of line in decibels 


Ao = 8.686ax = normal or matched-line attenuation of a length of line 
in decibels. 


By = susceptive component of Ym in mhos | 
C = capacitance of line in farads/unit length (microfarads/unit length) 


c += velocity of light in vacuum in units of length/second (units of 
length/microsecond). See chapter 2 


E = voltage (root-mean-square complex sinusoid) in volts 

rE = voltage of forward wave, traveling toward load 

rE = voltage of reflected wave 
[Eaat| = root-mean-square voltage when standing-wave ratio = 1.0 
|Emax! = root-mean-square voltage at crest of standing wave 
|Emin{ = root-mean-square voltage at trough of standing wave 

e = instantaneous voltage 

Fy = G/wC = power factor of dielectric 

f = frequency in cycles/second (megacycles/second) 

G = conductance of line in mhos/unit length 


Gm = conductive component of Y,, in mhos ; 
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Symbols continued 
REPRE ETS, 


ga = Ya/Yo = normalized admittance at voltage 
standing-wave maximum 


go = Y»/Yo = normalized admittance at voltage 
standing-wave minimum 


I = current (root-mean-square complex sinusoid) in amperes 
zl = current of forward wave, traveling toward load 
rl = current of reflected wave 
i = instantaneous current 
L = inductance of line in henries/unit length (microhenries/unit length) 
P = power in watts 
R = resistance of line in ohms/unit length 
Rn = resistive component of Zm in ohms 
ta = Zq/Zo = normalized impedance at voltage standing-wave maximum 
t» = Z/Zo = normalized impedance at voltage standing-wave minimum 
S = |Emax/Emin| = voltage standing-wave ratio 
T = delay of line in seconds/unit length (microseconds/unit length) 


v = phase velocity of propagation in units of length/second (units of 
length/microsecond) 


Xm = reactive component of Z,, in ohms 


x = distance between points ] and 2 in units of length (also used for 
normalized reactance = X/Z,) 


Y; = G, + 4B; = 1/Z, = admittance in mhos looking towerd load 
from point | 


Yo = Go + #By = 1/20 = characteristic admittance of line in mhos 

Z; = Ri + iX; = impedance in ohms looking toward load from point | 
Zo = Ro + iXo = characteristic impedance of line in ohms 

Zoe = input impedance of a line open-circuited at the far end 

Ze = input impedance of a line short-circuited at the far end 


« = attenuation constant = nepers/unit length 
0.1151 X decibels/unit length 
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Symbols continued 


8 = phase constant in radians/unit length 
Y = a+ jB = propagation constant 


€ = base of natural logarithms = 2.718; or dielectric constant of 
medium (relative to air), according to context 


Po/P, = efficiency (fractional) 
6 = @x = electrical length or angle of line in radians 
6° = 57.36 = electrical angle of line in degrees 
AX = wavelength in units of length 
Xo = wavelength in free space 


p = |p|/2p = voltage reflection coefficient 


Pad = — 20 logio (1/p) = voltage reflection coefficient in decibels 


@ = time phase angle of complex voltage at voltage standing-wave 
maximum 


Y = half the angle of the reflection coefficient = electrical angle to 
nearest voltage standing-wave maximum on the generator side 


w = 2rf = angular velocity insradians/second (radians/microsecond) 


Fundamental quantities and line parameters 
[ESLER ES EN SS NOLS RATT SAPS PETER WS PRESSE HERAT YS I PIO S UE PROS ENTS EAT TR EE 


dE/dx = (R + juldl 
PEYdxt' = \y?E 
dI/dx = (G + jwClE 
PL /dy? al | 
¥=a+jB = VIR + joll (G + jor) 
= jo VIC V0 jR/ol) 1 — jG/oC). 
a = {RIV AIR? + wl) (G? + WC) + RG — wAC]}? 
B= {RLV (R? + wl) (1G? + aC) — RG + wLC]} | 
20 3- Ve pe” VEX Vi Bie = 0 (1478) 


Yo 1/Zo = Go (1 + 7 Bo/Go). 


bol 
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a = 4 (R/Ry + G/Go) 
B Bo/Go = 3 (R/Ry — G/Go) 
Ro = [M/2(G? + w?C?) 4 
Go = [M/2(R2 + w*L?) |” 
Bo/Go = — Xo/Ro = (wCR — wlG)/M 


tol 


where M = [(R? + wl?) (G2 + w*C?)] + RG + wLC 
V/T=v=fA= o/s 
B = w/v = wl = 2n/d 


FS ox + ox 20 +0 


6 = Bx = 20 x/dX = 2x fTx 
6° = 57.30 = 360 x/d = 360 fTx 


a. Special case—distortionless line: when R/L = G/C, the quantities Zp and 
a are independent of frequency 


X =0 

a = R/Ro 

Z) = Ro +j0 = VL/C 
B= wVIC 


b. For small attenuation: R/wl and G/wC are small 


y= joVic (1 -i(5+S)] = 18(1 - 32) 


B = wVILC = wlh/Ry = wCRy 
—— l/v =— ViC= RoC 
R G edi Ae en 


a . 
— oe — = + — = attenuation in nepers/radian 
B Cab e20C ) . 2b 2 2wRo 2 


__ (decibels per 100 feet) (wavelength in line, meters) 
1663 
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TTS LT SI SY LET TES DR AT PRET PE SSA EST SE EI STS, 
aoe a ya Fyne Rag ENB 

Bag Niro oN Gum on in amino 


where R and G vary with frequency, while L and C are nearly independ- 
ent of frequency. 


ste Uh Goi Lol aie aah tearm Cian| oe - Xo 
Z ; Vel i(2 =) ] Re (1 +72) 


L 
] ] ( ; =) 
= Se ee ee ] =) 
Go (1 +j Bo/'Go) 0 Go 
Ro = 1/Go = AG 


UE ee kien ope eaOse ee 
Go Re Qel™ VPORRS x 
R ie we PN de 
: wwVIC | wt G een 


c. With certain exceptions, the following few equations are for ordinary 
lines (e.g., not spiral delay lines) with the field totally immersed in a uniform 
dielectric of dielectric constant € (relative to air). The exceptions are all 
the quantities not including the symbol e, these being good also for special 
types such as spiral delay lines, microstrip, etc. 


L = 1.016 RoW X 107% microhenries/foot 


= 1 RW X 10-4 microhenries/centimeter 


Y 
I 


/ ¢ 
1.016 = X 107% microfarads/foot 
0 


\/¢ 5 
= ae X 10-4 microfarads/centimeter 
0 


1016/RoC’ = 1/Ve = velocity factor (with capacitance C’ in 
micromicrofarads/foot) 

do v/c = c/fVe = do/Ve 

= 1/v = RoC’ X 10-8 = 1.016 X 1078/lv/e) = 1.016 & 108 
microseconds/foot (with capacitance C’ in micromicrofarads/foot) 


vic 


oe 
| 


The line length is 
x/r = xf V 6/984 wavelengths 
6 = 2ax/d = xf V 6/1565 radians 
where xf is the product of feet times megacycles. 


Voltage and current 


E; 22 


fEy + rE, = Ene?” + -Ene”™ = Ee ex 


a fat ifs eet ete Ex — I2Zo a 
2 


E> 
bot op 
h = rh + a = ploeY? a+ rlee 7%” = Yol Ene’? 


aaa + pre”) 


2Zo 2Z 


= 1i (cos yx + 22 sinh ») 
3 Fe 


= I, cosh yx + E2Yo sinh yx = ai. 
E, = AE. + Bl, 
I= CE, + Dy 
where the general circuit parameters are 
A = cosh yx 
B = Zp sinh yx 

= Yo sinh yx 
D = cosh yx 


See section on “General circuit parameters” 


“Matrix algebra” in chapter 37. 


a. When point 2 is at a voltage maximum or 


I, (2: Blah ps Zola 2s on) = In + E2Yo 
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arya PUA EONY 
2Z2 ee pee 


Es [cosh yx + (Zo/Z:2) sinh yx] = E2 cosh yx + [2Z 9 sinh yx 


aa rEoe* ys 


ie 
Bris tye Dogs 2 


(ev? — poe‘) 


in chapter 5, and that on 


minimum; x’ is measured from 


voltage maximum and x” from voltage minimum (similarly for currents): 


Sa | cosh yx’ + = sinh | 
= Enin [cosh yx’’ + S sinh yx’’] 
Ss a | cosh yx’ + = sinh | 


= Tn [cosh yx!’ + S sinh yx’’] 
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Voltage and current continued 
When attenuation is neglected: 
EO es 
E, = Bioax cos 0’ ee 6 
= Emin [cos 0’ + 7S sin 6’'] 


b. letting Z,; = impedance of load, /] = distance from load to point 2, 
and x; = distance from load to point 1: 


cosh yx; + (Z9/Z;) sinh YX, 
* cosh yl + (2 /Z)) sinh y/ 


cosh yx; + (Z;/Zo) sinh yx; 
* cosh yl + (2Z,/Z) sinh y/ 


bee 


L=I] 


Cc. ce, = V/2 | fE2|e%” sin («i + an ~ — pot 6) 
“+ V2 |-E2| e-* sin (1 — an ~ + Yo t+ 6) 


iy = n/2 (ye e*” sin € + an —yp~e+t d+ tan! =) 


0 


a V2 deter sin (0 — an aa Ye + @ ++ tan7! 2) 


Of. 


d. For small attenuation: 


= es (1 + Fax) cosa + j (3+ ax) sno] 
: Z (eee 
i 75 i( +5 wx) cos 0 +5(2 ++ ox) in | | 


e. When attenuation is neglected: 


E 


_ 


Fy = E. cos @ + jloZo sin 6 
= E2 [cos 0 + jl¥2/Yo) sin 6] 
a oe”? +e Ee Renee 
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Voltage and current continued 


h = I, cos 9 + jE2Yo sin 0 
= I, [cos 6 + jlZ2/Zs) sin 6] 


— Yol a o¢9 am -E oe 7) 


General circuit parameters (see p. 555) are: 


A= cos'8 

B = jZo sin 6 

C = jYo sin 6 

D = cos 8 hal 


position of 
standing-wave Vingx 


—W, 


Ee 
Fig. 2—Diagram of complex voltages 
and currents at two fixed points on a line 
with considerable attenuation. (Diagram 
rotates counterclockwise with time.) 


rl, rE 


f I, and ¢I 
2 f* ey) 
ve 
ri 
Fig. 3—Voltages and currents at time t=O rlp rE, 
at a point y electrical degrees toward the | 
load from a voltage standing-wave Fig. 4—Abbreviated diagram of a line 


maximum. with zero attenuation. 
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Impedance and admittance 


Zi «x Cncoshiyxi-e Zasinh yx 
Zo Lo cosh yx + Ze sinh yx 


‘1 ~ eYaicosnyxX 4. Vosinhyx 
Yo Yocosh yx + Ye sinh yx 


a. By interchange of subscripts and change of signs (see p. 549), the load 
impedance is: 


Ze _ 21, cosh yx — Zo sinh yx 


Zo Zo cosh yx — Zi sinh yx 


b. The input impedance of a line at a position of maximum or minimum 
voltage has the same phase angle as the characteristic impedance: 


| Re 
>= >= —Hnt+p= eel a voltage minimum (current maximum). 
b 


: l a 
—- =— = -—-HSgatj= « at a voltage maximum: (current minimum). 


UN NGO) ane ee rae 

Zo (1 +2 ox) +i(Z4 ox) ton 8 

For admittances, replace Zo, Zi, and Ze by Yo, Y1, and Ye, respectively. 
When A and B are real: 

A + jB tan 6 bs 2AB + j(B? — A?) sin 26 

BajAtan6@  (B? + A?) + (B? — A?) cos 20 


d. When attenuation is neglected: 


er Eo a a ee 


Zo 1+ j(Z2/Zo) tan 6 23/25 — fF con 


and similarly for admittances. 


e. When attenuation ax = 0a/B is small and standing-wave ratio is large 
say > 10): 
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Impedance and admittance continued 


For 8 measured from a voltage minimum 


Zi a : a l 
—_—= —6@) (1 tan? 6) tan = —§ | ——_— I tan 6 
z, (n+ <0) + tan + j tan (n+ $0) + j tan 
(See Note 1) 
Zo Y1 a ; 
—=—= —6) (I 6) — t 0 
 y. (n+3 ) + co Jco 
(See Note 2) 
a 
= — 6 ) —— —jcoté 
(+3 ) apee aie 
For 8 measured from a voltage maximum 
a a 
—=—=([g2.t+ —80) (1 + tan’? 6) +jtan@é (See Note 1}) 
Zi Yo B 
Z1 a : 
—= («. + - ) (1 + cot? 6) — jcot 6 (See Note 2) 
Zo B 
Note 1: Not valid when @ = 7/2, 32/2, etc., due to approximation in denominator 
1+ (rm + 0a/B)? tan? 9 = 1 lor with ga in place of rp). 


Note 2: Not valid when 6~0, a, 2m, etc., due to approximation in denominator 
1+ (re + 0a/B)? cot? 6 = 1 lor with ga in place of rm). For open- or short-circuited line, 
valid at 6 = 0. 


f. When x is an integral multiple of \/2 or 4/4. For x = n\/2, or 06 = nr 


Zo a 
— + tanh na — 
Zo Ze a 
1 + = tanh no — 

Zo B 


For x = n\/2+ 2/4, or 0= (n+ 4a 
Z2 (34 
1 + = tanh (n + 27 - 
A ee 
Lo 


Z2 a 
— + tanh ( 4)7 — 
z, 1 an HE ure 


g. For small attenuation, with any standing-wave ratio: For x = n\/2, or 
= ni, where n is an integer 
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Impedance and admittance continued 


Zo a yy aha 
4 _ Zo B 
Ai l\-F 22 nt — 
Zy *°B 
_ YGa2 + and/2 a zl 
Bet Peter aN a mes 
For = th + 3)d/2, or 8 = (n + $)z, where n is an integer or zero: 
1 — Zi das 
Zs ti +5 n aaa ie 
Zo 


. 
Zubia? 


I+ gaan + 3) om 
Gye ge2h eS, 
gaa tin + Han 


Subscript a refers to the voltage-maximum point and b to the voltage 
minimum. In the above formulas, the subscripts a and b may be interchanged, 
and/or r may be substituted in place of g, except for the relationships to 
standing-wave ratio. 


Lines open- or short-circuited at the far end 


Point 2 is the open- or short-circuited end of the line, from which x and 6 are 
measured. 
a. Voltages and currents: 


Use formulas of “Voltages and currents” section p. 555 with the following 
conditions 


Open-circuited line: po = 1.00 /0° = 1.00; Eo = sE2 = F2/2; 
le = — glo; I, = 0; Z,= © | 
Short-circuited line: po = 1.00 /180° = —1.00; Fe = — ;Eo; 
Eo =0; we = ple = 12/2; Ze = 
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Lines open- or short-circuited at the far end continued 
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b. Impedances and admittances: 
Zoe = Zo coth yx 
Zee = Zo tanh yx 
Yor = Yo tanh yx 


Yeo = Yo coth yx 


c. For small attenuation: 


Use formulas for large (swr) in paragraph e, pp. 558-559, with the following 
conditions 


Open-circuited line: gg = 0 


Short-circuited line: ry = 0 


d. When attenuation is neglected: 
eee —JRo cot 0 

Zee = JRo tan @ 

Yoo = JGo tan 6 

Yeo = —JGp cot 0 


e. Relationships between Z,, and Z,g¢: 


RZ eZ wn ag Zo 
a ) 
+V7Z,./Zo¢ = tanh yx = Be (1 + tan? 6) + j tan 6 = Saey + j tan 0 
26 
= j tan at = 12 6ltan @ + cot | = j tan.@ ( midge 3) 
Note: Above approximations not valid for 0 + 2/2, 32/2, etc. 
EY Z../Zoa = coth yx = 3 oll + cot? 6) — jcotd= B se aig iJicot. 8 
sin 


$a a. 20 
= =jcot [1+ 72 tan 9+ cot | = = jot (1 +52) 


Note: Above approximations not valid for @ ~ 7m, 27, etc. 
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Lines open- or short-circuited at the far end continued 
SAREE PL TREE TS BETAS EE ASST OTL SE TET ZT ROLF ISR TPT AS 


f. When attenuation is small (except for 6 = nz/2,n = 1,2,3....): 
|Z Ba Goo G 

se See ‘ 0¢ = + Woe Coc ak WA —_ ee | 
Liew d I BCL ace 


Where You = Gog + fwCoe and Yep = Geo + jwCg. The + sign is to be 
used before the radical when C,, is positive, and the — sign when C,, is 
negative. 


g. R/|X| component of input impedance of low-attenuation nonresonant line: 


Short-circuited line (except when 0 = 2/2, 32/2, etc.) 


Be aw |G olton a + cor al +B ooahe sagen 
[X;| [Bi B Go Bsin 206 Go 


Open-circuited line (except when 0 = 7, 27, etc.) 


Ry Cige Bo a 26 Bo 
= * @ltan 6 + cot 6) — a LOE 
IX; 1B] B G Bsin 20 Go 


Voltage reflection coefficient and standing-wave ratio 
DEIR SES RE LEI CELELIE LE DIRE LS ESS EI SLI ASIA BSI EIS LS RIE ES TE ST EE ET TS A RTGS 


where w is the electrical angle to the nearest voltage maximum on the 
generator side of point where p is measured (Figs. 2, 3, and 4). 


a = p2e 29” /—20 


[or] = |p2|/10“0/2° 


Voltage reflection coefficient in decibels 


pan = — 20 logio |1/p| 
The minus sign is frequently omitted. 
| pan at input| = | pay at load| + 2Ao 


These two relationships and standing-wave ratio versus reflection coefficient 
in decibels are shown in the alignment charts on pages 570-571. 
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Voltage reflection coefficient and standing-wave ratio continued 


4 Epis“ li-hiS.cot'y 
Zo. -l—p S+jcoty 


= led cle ea aad baa 
Soe nin ye | — | rE yl 
] 
Bee Eas eke a aaa 
1 — |p a l% 
| epee 
apes 


1/S1 = tanh [ax + tanh71(1/So)] 


tanh [0.1151 Ao + tanh7}(1/S3)] 


a. For high standing-wave ratio. When the ratio is greater than 6/1, and 
for One-percent accuracy: 


1/Si = 1/Se + ax = 1/S + 0.115 Ao 
| pan | ; 17.4/S 


Subject to the conditions below, the standing-wave ratio is given by one 
mr the other of these equations: 


§ = (1+ x) /r 
= (1 + b*)/g 
where 
r+ jx = Z/Zo = (1/Ro) [R — (Bo/Go) X + jx] 
g + jb = Y/Yo = (1/Go) [G + (Bo/Go) B + 7B] 
Conditions, for one-percent accuracy: 
r<0.1|x + 1/x| when |x| > 0.3 
g <0.1|/b + 1/b| when |b] > 0.3 


The boundary of the one-percent-error region can be plotted on the Su 
chart by use of the equation (for impedances) 


lcot y| = 0.1 S2/(s? — 1)12 


The same boundary line on the chart holds when reading admittances. 
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Power and efficiency | 


The net power flowing toward the load is 

= |,E|? Goll — |p|? + 2 |p| (Bo/Go) sin 2y] 
where |E| is the root-mean-square voltage. 
Example: Derive the power formula. By page 151: 


Pes (recl) Fl- 


When the following expressions are substituted in this equation, the power 
formula results: 


= ,E (1 + p) 
Sra qh Lay 
I* = ,E*Y)* (1 — p*) 
Yo" = Gy (1 — j85/Gul 
p= |p| exp j2y 
p* = |p| exp — jay 


a. When the angle Bo/Go of the characteristic admittance is negligibly 
small, the net power flowing toward the load is given by 


P= Goll sEL a Bab a [¥E/? Goll — |p|?) on |EmaxEmin|/Ro 


== | ,Eal? Golet'e/0? — | p2|? ¢— 2(a/6)6) 


b. Efficiency, when Bo/Gy is negligibly small: 


ome yi 1 — |p2l? 
are Py fate eye |pa|2@~26/8)0 


| Sais | pel? l ne | p2 |? @ 20% 


eee eae Nmax 
_ '/le2| — |oel _ Si — 1/51 

I/|pi] — [pil = Se — 1/S2 
The maximum error in the abéve. expressions is 
+ 100 (S2 — 1/Ss) Bo/Go percent 
+ 4.34 (Sp — 1/S2) Bo/Go decibels 
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Power and efficiency continued 


When the load matches the line, p2 = O and the efficiency is accurately 
‘max = exp [ — 2 la/B) 6] = exp ( — 2ax) = 10740/10 
A - Ao = 10 logio (Nmax/7) 


The alignment chart on p. 573 is drawn from the expressions in this para- 
graph. 


c. Efficiency, when swr is high: 

| pe fs Re a 1+ b? 

Py Ry ] “fh Xo” Gi ] “fe bo? 

7 Ro ] —- b;? Et Ro?Go ] + x7 

RPG, ] + Xo" Ry ] of be? 
where R is the ohmic resistance while x is the normalized reactance and 
similarly for G and b. It is important that the R's and G's be computed properly, 
using formulas in the section on “Transformation of impedance on lines with 
high swr,” page 566. Note the identity of the efficiency formulas with the 
left-hand terms of the impedance formulas. The conditions for accuracy 


are the same as stated for the impedance formulas for high standing-wave 
ratio. 


Example: Physical significance of formula for efficiency at high standing- 
wave ratio: Subject to stated conditions, approximately, x = cot w and 
I = Imax sin Y. Imax = current standing-wave maximum, practically constant 
along line when standing-wave ratio > 6. Then 


P= PR = Ines? R/ (1 + x?) 

d. Attenuation in nepers = Blog, = = 0.1151 X (attenuation in decibels) 
2 

For a matched line, attenuation = (a/B)0 = ax nepers. 


Attenuation in decibels = 10 logw 2 = 8.686 X (attenuation in nepers) 
2 


When 2(a/8)6 is small, 


2 
eribals (wavelength = 10 logo ¢ ci 4a 7 yee) 


566 CHAPTER 20 


Power and efficiency continued 
EEE SE PEAS SSS SU A 


e. For the same power flowing in a line with standing waves as in a matched, 
or “flat,” line: 


P = |Enat|?/Ro 
eee ead |Eaat | we 
Eta 7a) |Enat| iSe 


LE aac % x) 
me iat cee 


[Esat| y% x) 
[= HB (s4 - — 
Palisa ay 


When the loss is small, so that $ is nearly constant over the entire length, 
then per half wavelength 


(power loss) i(s 4 t) 


(loss for flat line) _ 


f. The power dissipation per unit length, for unity standing-wave ratio, is 
AP,/Ax = 2aP 


(dissipation in watts/foot) 


= 2.30 (decibels/100 feet) 
(line power in kilowatts) 


where the decibels/100 feet is the normal attenuation for a matched line. 


When swr > 1, the dissipation at a current maximum is S times that for 
swr = |, assuming the attenuation to be due to conductor loss only. The 
multiplying factor for local heating reaches a minimum value of (§ + 1/S)/2 
all along the line when. conductor loss and dielectric loss are equal. 


g. Further considerations on power and efficiency are given in the section, 
‘Mismatch and transducer loss,” p. 569. 


Transformation of impedance on lines with high swr* 
SESE BST ESSE DRE AA BR SS IT SDE SI PCLT ESET EE SSS TTR ESS SSDP SE, Te TERT TOO 


When standing-wave ratio is greater than 10 or 20, resistance cannot be 
read accurately on the Smith chart, although it is satisfactory for reactance. 


* W. W. Macalpine, “Computation of Impedance and Efficiency of Transmission Lines with High 
Standing-Wave Ratio,” Transactions of the AIEE, vol. 72, part |, pp. 334-339; July, 1953: also 
Electrical Communication, vol. 30, pp. 238-246; September, 1953. 
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Transformation of impedance on lines with high swr continued 
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Use the formula: 


1+ x a Bo Xx] X2 
Ri =R Ro (1 2) —8 uuay dit 
4 aye : E + 1] + xe 


where R = ohmic resistance 

x = X/Ro = normalized reactance. ad e 
When admittance is given or re- 

quired, similar formulas can be %o 

written with the aid of the follow- 

ing tabulation. The top row shows | 8= 24x/s————> 


the terms in the above formula. 


Ry Ro xP X_” Ro X1 — Xo 
Gi Ge by? bo? 1/Ro —bi be 
Ri GRE x? bb? Ro x1 bs 
Gi Ro/Ro? b? x2" 1/Ro —b, —Xo 


For transforming R to G or vice versa: 
R = Ro? G|x/b| 


where x and b are read on the Smith chart in the usual manner for trans- 
forming impedances to admittances. 


The conditions for roughly one-percent accuracy of the formulas are: 


Standing-wave ratio greater than 6/1 at input; |Bo/Go|< 0.1; r+ jx or 
g + jb (whichever is used, at each end of line) meet the requirements 
stipulated in paragraph a (“For high standing-wave ratio”) on p. 563; 
and the line parameters and given impedance be known to one-percent 
accuracy. 


The formula for resistance transformation is derived from expressions 
for high swr in paragraph a, just referred to. 


Example: A load of 0.4 — 72000 ohms is fed through a length of RG-17A/U 
cable at a frequency of 2.0 megacycles. What are the input impedance 
and the efficiency for a 24-foot length of cable and for a 124-foot length? 
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Transformation of impedance on lines with high swr__ continued 
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For RG-17A/U, the attenuation at 2.0 megacycles is 0.095 decibel/100 feet 
(see chart, p. 614). The dielectric constant ¢€ = 2.26 and F, is negligibly 
small. Then, by formulas in paragraph b and c, pp. 553 and 554, 


Bo/Go = a/B = (db/100 ft) (Ameters! / 1663 
= [0.095 & 150/(2.26)!/2]/1663 = 0.0057 
x/X = xfell2/984 = 24 K 2.0 X 1.5/984 = 0.073 
6 = 2rx/d = 0.46 radian for 24-foot length. 


while 
x/X = 0.38 and 6 = 2.4 for 124-foot length. 
Z2/Zo = (0.4 — j2000) /50 = 0.008 — j40 


For the 24-foot length, by the Smith chart, 
X1 = X1/Zyp = — 1.9, or X1 = — 95 ohms 


The conditions for accuracy of the resistance transformation formula are 
satisfied. Now, 


1 xg? Sd FAT) 2 AG 
1 + xo? = 1 + (40)? = 1600 
Ri = 0.4 (4.6/1600) + 504.6 X0.0057 [0.46 — (1.9/4.6) + (40/1600) ] 
= 0.0012 + 0.105 = 0.106 ohm 


The efficiency formula in paragraph c, ‘When swr is high," p. 565, gives 
n = 0.0012/0.106 = 0.0113, or 1.1 percent 


where the 0.0012 figure is taken directly from the first quantity on the right- 
hand side of the computation of Rj. 


Similarly, for the 124-foot length, x1 = 1.1, Xi = 55 ohms, 1 + x;? = 2.21, 
Ry = 0.00055 + 1.83 = 1.83 ohms 


nm = 0.00055/1.83 = 3.1 X 1074, or 0.03 percent. . 


Tabulating the results, 


length | input impedance efficiency loss 
in feet in ohms in percent | in decibels 
24 0.106 — j95. lal 19.6 


124 1S soteues 0.03..| 6.135 
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Transformation of impedance on lines with high swr continued 
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The considerably greater loss for 124 feet compared to 24 feet is because 
the transmission passes through a current maximum where the loss per unit 
length is much higher than at a current minimum. 


Mismatch and transducer loss 
SESS ALO CET SST EY RT AG SEIS CRT SRA DORAN 
On the following pages are formulas and three alignment charts enabling 
the calculation of attenuation when impedance mismatch exists in a trans- 


mission-line system; also change in standing-wave ratio along a line due 
to attenuation. 


One end mismatched 


When either generator or load impedance is mismatched to the Zo of the 
line and the other is matched, 


Fin 
(mismatch loss) = - = feeeiels = 4s (1) 
where 

P = power delivered to load 


Pm = power that would be de- 


livered were system matched Zo= Rot jO 


S = standing-wave ratio of mis- | 
matched impedance referred generator Ao load 
to Zo 


Compared to an ideal transducer (ideal matching network between 
generator and load): 


(transducer loss) = Ag + 10 logio (Pm/P) decibels (2) 


where Ap = normal attenuation of line. 


Bererator and load mismatched 


Rgt+jXg R,+jX, 


|Xo/Ro| <1 


. =R,+ jX, 
When mismatches exist at both ZoM Fo hi" 


ends of the system: 


generator Ao ~ toad 


2 2 
(mismatch loss at input) = Pn = or Bu aa abe! (3) 
P 4 RoR 


(transducer loss) = (A — Ao) + Ao + 10 logio (Pm/P) decibels (4) 
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Mismatch and transducer loss continued 


A,= line attenuation 


input swe in decibels load swr 
vV V 
- 1.002 (=) 
Syace a 20.4052) 0s 
= 75 2 
9 1.003 5 S 
ao) 4 5] 
ce 1.004 3 c 
= 2.5 = 
3-507 1.006 20 21-10 8 
3 1.008 nee = 
yi 1.010 See nos 1.5 8 
° ae 1.4 3 
= ie cos 
3S -40-+1.02—— exom? fe) ot 20 $ 
1,03 1.15 
104 
: 10 
We Bou 
— 30 (e) -30 
1.075 eae cay | 
1.10 j 
1.04 
115 1.03 
1.2 
—20 1.02 = -40 
1.3 1.015 
1.4 
1.5 1.1010 
1.75 1.008 
lO 2 1.006 4 ~50 
- 
4 1.004 
25 1.003 
[ones 
0-40 & 1.002 — —&0 
Line attenuation and voltage reflection coefficient for low swr. 
where (A — Ao) = standing-wave loss factor obtained from chart on 


p. 573 for § = standing-wave ratio at load. 
Notes on (3): 
a. This equation reduces to (1) when X, and/or X; is zero. 


b. In (3), the impedances can be either ohmic or normalized with respect 
to any convenient Zo. 


ce. When determining input impedance Ry + jX; on Smith chart, adjust 
radius arm for S$ at input, determined from that at output by aid of charts 
on pp. 570 and 571. 


Mismatch and transducer loss 


ie le 
8 
2 
0 -—tI! 
£ 
= 
@ 
‘eo ~-Il0 
> 
° 
o 
e -9 
2 
3 
= -8 
-7 
-6 
-5 
=—4 
-3 
-2 
=! 
oO 


input swe 


continued 


A,= line attenuation 


Vv 


1.7 


2.2. 


—_ ee ee 


example 4 —— 


25 
50 
200 100 


in decibels 


Vv 


6 
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Line attenuation and voltage reflection coefficient for high swr. 
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d. For junction of two admittances, use (3) with G and B substituted for 
R and X, respectively. 


e. Equation (3) is valid for a junction in any linear passive network. Likewise 
(1) when at least one of the impedances concerned is purely resistive. 
Determine S as if one impedance were that of a line. 


Examples 


Example 1: The swr at the load is 1.75 and the line has an attenuation of 
14 decibels. What is the input swr? 


Using the alignment chart, p. 570, set a straightedge through the 1.75 
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Mismatch and transducer loss continued 


division on the “load swr’’ scale and the 14-decibel point on the middle 
scale. Read the answer on the “input swr’’ scale, which the straightedge 
intersects at 1.022. 


Example 2: Readings on a reflectometer show the reflected wave to be 
4.4 decibels below the incident wave. What is the swr? 


Using chart, p. 571, locate the reflection coefficient 4.4 lor —4.4) decibels 
on either outside scale. Beside it, on the same horizontal line, read 


swr = 4.0++. 


Example 3: A 50-ohm line is terminated with a load of 200 + j0 ohms. The 
normal attenuation of the line is 2.00 decibels. What is the loss in the 
line? 


Use alignment chart, p. 573. Align a straightedge through the points Ay = 2.0 
and swr = 4.0. Read A — Ap = 1.27 decibels on the left-hand scale. Then 
the transmission loss in the line is: 


A = 1.27 + 2.00 = 3.27 decibels 


This is the dissipation or heat loss as opposed to the mismatch loss at the 
input, for which see example 4. 


Example 4: In the preceding example, suppose the generator impedance 
is 100 + j0 ohms, and the line is 5.35 wavelengths long. What is the mis- 
match loss between the generator and the line? 


According to example 3, the load swr = 4.0 and the line attenuation is 
2.0 decibels. Then, using chart, p. 571, the input swr is found to be 2.22. On 
the Smith chart, locate the point corresponding to 0.35 wavelength toward 
the generator from a voltage maximum, and swr = 2.22. Read the input 
normalized impedance as 0.62 + j0.53 with respect to Zy = 50 ohms. Now 
the mismatch loss at the input can be determined by use of (3). However, 
since the generator impedance is nonreactive, (1) can be used, if dest 
Refer to notes a and e above and the following paragraph. 


With respect to 100 + j0 ohms, the normalized impedance at the line input 
is 0.31 + 70.265 which gives swr = 3.5 according to the Smith chart. Then 
by (1), Pm/P = 1.45, giving a mismatch loss. of 1.62 decibels. The transducer 
loss is found by using the results of examples 3 and 4 in (4). This is 


1.27 + 2.00 + 1.62 = 4.9 decibels 


Mismatch and transducer loss 
LT TE LEE ET ADA TIE i OT TN TEES 


A-A, = added loss 
in decibels due to 
load mismatch 


5.5 


5.0 


45 


40 


3.5 


3.0 


2.5 pike 
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continued 


Ao= 
normal line 
attenuation 
in decibels 


0.0 


Due to load mismatch, an increase of loss in db as read from this chart must be added to 
normal line attenuation to give total dissipation loss in line. This does not include mismatch 
loss due to any difference of line input impedance from generator impedance. 


Stand ing-wave loss factor. 
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Attenuation and resistance of transmission lines 
SRST SE PSS A TE TE SE GSE PT RIS ELSES 


at ultra-high frequencies 
ERS SATU ROR PE TTT EE SOT 


The normal or matched-line attenuation in decibels/100 feet is: 
Aioo — 4.34 Ri Za aa 2.78 f el/2 eS 


where the total line resistance/100 feet (for perfect surface conditions 
of the conductors) is, for copper coaxial line, 


R, = 0.1 (I1/d + 1/D) f 12 
and for copper two-wire open line, 
= (0.2/d) f 1/2 
where 
D = diameter of inner surface of outer coaxial conductor in inches 
d = diameter of conductors (coaxial-line center conductor) in inches 
f = frequency in megacycles/second 
€ = dielectric constant relative to air 
F, = power factor of dielectric at frequency f. 


For other conductor materials, the resistance of conductor of diameter d 
(and similarly for D) is 


0.1 (1/d) (furp/ peu) !/2 ohms/100 feet 


See the section on “Skin effect," p. 13]. 


Resonant lines 


LEIS DETALLES DS EEE UES 
Symbols 
fo = resonance frequency in megacycles 


Ga = conductance load in mhos at voltage standing-wave maximum, 
equivalent to some or all of the actual loads 


k = coefficient of coupling 

n = integral number of quarter wavelengths 

p = k Qis Qze = load transfer coefficient or matching factor 
P, = power converted into heat in resonator 


Pm = power capability of generator in watts 
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Resonant lines continued 


P, = power transferred when load is directly connected to generator 
(for single resonators); or an analogous hypothetical power (for two 
~ coupled resonators) 


Q = figure of merit of a resonator as it exists, whether loaded or unloaded 


Qa = doubly loaded Q [all loads being included) 


£ 
| 


singly loaded Q (all loads included except one). For a pair of 
coupled resonators, Qj, is the value for the first resonator when 
isolated from the other. (Similarly for Qog) 


Q, = unloaded Q 


R, = resistance load in ohms at voltage standing-wave minimum, equivalent 
to some or all of the actual loads 


x 
I 


resistance similar to R, except for unloaded resonator 


= 
—_ 
I 


generator resistance, referred to short-circuited end 

Re = load resistance 

Sz = Ri/R2 or Ro/R1 = mismatch factor between generator and load 
Z19 = characteristic impedance of the first of a pair of resonators 


6, 


electrical angle from a voltage standing-wave minimum point 


a. Q of a resonator (electrical, mechanical or any other) is: 
me 57 ee oy stored) 
(energy dissipated per cycle) 


es Eero. Sioned 
(power dissipation) 


In a freely oscillating system, the amplitude decays exponentially: 


I = I, exp (—7ft/Q) 


b. Unloaded Q of a resonant line: 
Q, = B/2a 


the line length being n quarter-wavelengths, where n is a small integer. 
The losses in the line are equivalent to those in a hypothetical resistor at 
the short-circuited end (p. 558, paragraph e): 


Ry = nwZo/4Qy, 
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Resonant lines — continued 


c. Loaded Q of a resonant line (Fig. 5) 


l l AR, 4Ga 


et 


Oo” SO ea inaZon so nae 
= (4/nmZo) (R,, wt. Ry +. Ga/Y 0?) Rp 


All external loads can be referred 


i one end and represented by Fig. 5—Quarter-wave line with loadings at 
either Rp or Ga as on Fig. 6. nominal short-circuit and open-circuit points. 


The total loading is the sum of all the individual loadings. 
General conditions: 


Ry /Zo == Ga/Yo <K 1.0 
or, roughly, Q > § 


d. Input admittance and impedance: 


The converse of the equations for Fig. 6 can be used at the resonance 
frequency. Then R or G is the input impedance or admittance, while 


Ry = nZo/4Q, 


ar da GC ) 
l= . V\-e 


Rn 


. Series load. 
oe C. Series load 
R, = R cos*6, 
A. Shunt or tapped load. {pene cern 
Rp = (Z5/R) sin? 6, wM 
or — 
2 2 Oa 
G,=G sin*8,= Are R 


i 7 D. Loop coupling. 


we 
G=l/R R, = (w® M*/R) cos®6, 
provided Xigo,<K R 
B. Probe coupling. = 
ot 2¢? G)si 2 : 
Ga (w?C°/6) sin 9, Fig. 6—Typical loaded quarter-wave sections 


Rp= Z5 w®C'R sin? 6, with apparent R; equivalent to the loading at 
ided as 2¢2 distance 6, from voltage-minimum point of 
ged is is the line. Outer conductor not shown. 
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Resonant lines continued 


where Q,; = singly loaded Q with the losses and all the loads considered 
except that at the terminals where input R or G is being measured. 


In the vicinity of the resonance frequency, the input admittance when 
looking into a line at a tap point 4; in Fig. 7 is approximately 


: nyo ] _f — fo 
Y=G B= — 2 
Wee is A inte, (= ere ) 


Provided 
|f — fo| /fo < 1.0 


and 


6 2 cot b1| < 1.0 


0 


where 8 = na/2 = length of line at fo. It is not valid when 6; =~ 0, 7, 
27, etc., except that it is good near the short-circuited end when f — fy =~ 0. 


Such a resonant line is approximately equivalent to a lumped LCG parallel 
circuit, where 


w?L1Ci = (27rfo) 211C, = | 


Beis as ou pat 
TecEmRS 
Sa ae ee a 


is { om 
7. 


Fig. 7—Resonant transmission lines and their equivalent lumped circuit. 
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Resonant lines continued 


Admittance of the equivalent circuit is 


Cray Ge Te +) 
why 


] tf — fo 
C,{ — 2 
wi (Ej fy ) 


Then, subject to the conditions stated above, 


Ve 


U 


4 sin? 6; 
L, = ———_— 
ntrwoYo 
n1rYo nYo 
SO ominuewenr eat rye rere a 
4wo sin? 0,  8fo sin? 0; 


Ta nrYo 
4Q, sin? 0; 


woCy ] 
Q; a sl 
G woliG 


Similarly, the input impedance at a point in series with the line (Fig. 6C 
and D) is 


: nwZo 1 : 3) 
cpa OSE yp hao cy (1A TE 9 Lm 
ah d 4 cos; 6 v : fo 


Provided 


generator 


|f — fol /fo<K 1.0 


and 
I 
fe! Tale 61| <1.0 
fo 
G, G, 
It is not valid when 6; 2/2, 32/2, etc. 
The voltage standing-wave ratio at = 


Fig. 8—Equivalent circuits of a resonant 
line (or a lumped tuned circuit) as seen 
at the short-circuited and open-circuited 

Ro + Ry (Ro/Rx) Qu + Qa ends. All the power equations are good 
Se for either lumped or distributed para- 


Ry Oy, Qa meters. 


resonance, on the generator (Fig. 8) is 


S 
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Resonant lines continued 
SRS LT Cre NS RTA 


When Ri = Ro, 
| See 

] ea Qa/Qu 
p= erey 


e. Insertion loss (Fig. 8) 

At resonance, for either a distributed or a lumped-constant device: 
(dissipation loss) = 10 logio (Pz/Pout) 

20 logio [1/11 — Qz/Q,)] 

20 logio (1 + Qa/Q,) 

8.7 Qa/Qzy decibels 

10 logio (Pm/Pz) 

10 logio [(1 + S,)?/4S,] decibels 


R 


2 


(mismatch loss) 


The dissipation loss also includes a small additional mismatch loss due to 
the presence of the resonator. The error in the form 20 logio (1 + Q,/Q,) 
is about twice that of the form 8.7 Qa/Qu. The last expression (8.7 Qg/Q,) 
is in error compared to the first, 20 logio [1/(1 — Qa/Q,)], by roughly 
— 50 (Qa/Q,) percent for (Qg/Q,) < 0.2. 


The selectivity is given on page 242, where Q = Qy. That equation is accurate 
over a smaller range of (f — fo) for a resonant line than it is for a single 
tuned circuit. 


At resonance: 


Pin _ Qu + (Ri/Rs) Qa 
Cout Qu oe Qa 


The maximum power transfer, for fixed Q,, Qg and Zp occurs when Ri = Re. 
Then 


Pin/Pout = (Q, + Qa) /(Q. — Qa) 

Pout/Pm = (1 — Qa/Qu)? 

Pin/Pm = 1 — (Qa/Q,)? 

When the generator Ri or Gj is negligibly small (then Q = Q, = Q,): 
(Pin/Poutls = Qu/(Q, — Q) 
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Resonant lines continued 
AES ISO ESS) 


f. Power dissipation (= P,). 
Pe _ 4 1Qu/Q) (1 = Q4/Q 
ime ] + Ro/Rx 


For matched input and output (Ry = Ro): 
Po P= 2 (Qi Qs) l= G37 O.) 
= 2 Qa/Q, (for Qa<« Q,) 
Pa) Pont =" 2 @3/ (Qin, 
P./Pin = 2 Qa/(Qu + Qa) 
When the generator R1 or G is negligibly small: 
(P3/ Poul = Q/(Q, — Q) 


g. Voltage and current 


At the current-maximum point of an n-quarter-wavelength resonant line: 


PmQa (1 — Qa/Qy) 
Le = 4 
(1 -- Ro/R3) nwZo 


T= /.. cos 0; 


% 
| root-mean-square amperes 


and 

Eves 7 leisinigy 

The voltage and current are in quadrature time phase. 
When Ri = Re and Qa < Q, and n = 1: 

Lee (8 PmQy/mZo) V2 

In a lumped-constant tuned circuit: 


; enio = avo 
=2 
(1 + Ro/Rx) X 


h. Pair of coupled resonators (Fig. 9): 


With inductive coupling near the short-circuited end of a pair of quarter- 
wave resonant lines: 


k = (4/m) wM/(Z1oZ 0) #2 
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Resonant lines continued 


For coupling through a lossless quarter-wavelength line, inductively coupled 
near the short-circuited ends of the resonators (Fig. 9D): 


was Aw?M, Me 
wZ (Z10 VER be, 


Probe coupling near top (Fig. 9C): 
k — (4/7) wC1e (Z19Z 20) 1/2 sin 64 sin 6, 


generator 


A. Equivalent circuit with resistances 
as seen at the short-circuited end, 


w?M* 
R, = =) 
=p(RiytR,) 
E, 
D. Quorter-wavelength line coupling. 
— Ry 
B. Equivalent circuit of first resonator Fig. 9—Two coupled resonators. 


ot resonance frequency. 


For lumped-constant coupled circuits, p and k are defined on pp. 236 and 242. 
In either lumped or distributed resonators: 


(dissipation loss) = 10 logio (Pz/Pout) 

10 logio [1/1 ae Qie/Quu) (1 — Qos/Qau) | 
= 100 logan Ill 0. aM 

LO urine Cxeryew) 

~ 87 Q,/Qy decibels 


where Q./Qy, = [(Qie/Qin) (Qes/Qou) }!? 
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Resonant lines continued 

provided (Qj;/Qiu) and (Qes/Qe,) do not differ by a ratio of more than 
4 to I, and neither exceeds 0.2. 

(mismatch loss at fo) = 10 logio (Pm/P2) = 10 logio [(1 + p)?/4p] decibels 


Equations and curves for selectivity are given on pp. 242, 243, and 245, where 
Q=Q,. 


At the peaks, when p 2 1, the mismatch loss is zero, except for some that 
is included in the dissipation loss. 


Input voltage standing-wave ratio at fy for equal or unequal resonators: 


= p =f Qi:/Qiu 
I bees Qie/Qiu 


At the peak frequencies (p > 1) for equal or nearly equal resonators: 


S = 1 + Qie/Qiu 
1 Tat Qie/Qiu 


Similarly at the output, using subscript 2 instead of 1. 


S 


When the resonators are isolated, each one presents to the generator or 
load an swr of 


S = (Q,/Q,) -— 1 


The power dissipation in either lumped or distributed (quarter-wave) 
devices, where the two resonators are not necessarily identical, but 
Ci <<) te is: 


Nie as Thec?Riu — [4/(] + p)?] P.Qiu/ Qin 
Po. = [4p/ (1 oto p)?] Pra oe!’ Qoe 


These equations and those below for the currents assume that P,, is con- 
centrated at fo. 


The currents in quarter-wave resonant lines, when Q, K Q,: 
liso [4/(] ~e p)] (PQs / WZ 19) 1/2 
Dose/ Lise = (PZ 10Q2e/Z20Qis) 1/2 


Similarly, for a pair of tuned circuits at resonance, when Q, < Q,: 


qr; [2/(1 + p)] (Pm Que /X) 1/2 
To/]1 = (pX1Qee/X2Qra) ¥/? 
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Quarter-wave matching sections 


The accompanying figures show how voltage-reflection coefficient or 
standing-wave ratio (swr) vary with frequency f when quarter-wave 
matching lines are inserted between a line of characteristic impedance Zo 
and a load of resistance R. fy is the frequency for which the matching sections 
are exactly one-quarter wavelength (X/4) long. 


(swr) 24,0 


voltage-reflection coefficient 


a Fees ta es at (swr)#2.0 
eS) re 


(swr)= 15° 


(swr)=1.2 
(swr)=1.0 
ce) 0.2 0.4 0.6 0.8 1.0 1,2 1.4 1.6 1.8 2.0 
f/f. for one \/4 section 


= 
a] 
U 
. 
° (swr) = 4.0 
U 
= 
AS) 
z) 
® 
Ce 
. 
© 
o 
& 
9 (swr)*2.0 
(swr) 21.5 
(swr) #1.2 
(swe) 21.0 


(0) 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 1.8 2.0 
f/f for two \/4 sections 
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Impedance matching with shorted stub 


rs a 
© c= 
Ps o 
oD c 
- o 
J 5 

Lo} 
<J = 
me) 

0 <q 
te) me) 

oo c 

Lo} 

~~ 
ratio p= Vitaz/ Vinin "V nex Va 


1 = length of shorted stub 


A = location of stub measured ‘Y/ 
from Vmin toward load —p ¢ > -alternate 
A location 
for stub 


Impedance matching with open stub 


Zand JA in degrees 
land A (wavelengths) 


ratio p = V inax/ Vitin 


1 = length of open stub 


A = location of stub measured 
from Vmin toward transmitter 
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Length of transmission line 


frequency wavetength 


length of line length of line (megacycles) (centimeters) _ 
length of line in inches in centimeters 350 
ln electrical degrees 90 wy 
wy 90 : wy 30 wep '00 300 
60 
70 20 
40 
30 150 200 
50 10 
20 
4 
200 150 
5 
30 ~ 10 
: See 
~ 
™~ <a 800 100 
>= 
2 
20 2 - 
60 
™™ 400 
18 > 
' = ~~ 
~s 500 60 
rahe 
10 
0.5 600 50 
8 
40 
0 so 0.7 8 00 
6 
0.2 0.5 
8 1000 30 
0.3 
° 0.1 
0.2 
3 1500 20 
0.05 
th 2000 -— 15 
2 
0.07 
: i. 0.05 
e LY 
4 3000 10 
ry 


This chart gives the actual length of line in centimeters and inches 
when given the length in electrical degrees and the frequency, provided 
the velocity of propagation on the transmission line is equal to that in free 
Space. The lengthis givenon the L-scale intersection by a line between 


360 L in centimeters 
\ and 1°, where /°= ———_—___—_— 
dX in centimeters 


Example: f = 600 megacycles, /° =30, Length L= 1.64 inches or 4.2 centimeters. 
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Measurement of impedance with slotted line 


Symbols 

Z = He a impedance h =i wavelencireniie 
of line 

7 tl aeBcdane ct lead xX = distance from load to first Vinin 
(the unknown) (swr) = V sane) Vata 

Z; = impedance at first Vinin @° = 180 = = 0.0120 Fx/k 


k = velocity factor 


where f is in megacycles and x in centimeters. 


Zz 
Vnor 2 
probe | | 


(velocity on line) / (velocity in free space) 


second first 
Measurements on line. Vin Vin 
Procedure 
Measure \/2, x, Vmaxr ANd Vmmin 
Determine 


Z1/Zo = 1/(swr) = Vanin/Vmax 

(wavelengths toward load) = x/A = 0.5x/(d/2) 

Then Z/Zo may be found on an impedance chart. For example, suppose 
Vimin/ Vmax = 0.60 and x/r = 0.40 


Refer to the chart, such as the Smith chart reproduced in part here. Lay off 
with slider or dividers the distance on the vertical axis from the center point 
(marked 1.0) to 0.60. Pass around the circumference of the chart in a counter- 
clockwise direction from the starting point 0 to the position 0.40, toward 
the load. Read off the resistance and reactance components of the nor- 
malized load impedance Z/Zo at the point of the dividers. Then it is found 
that . 


Z = 210.77 + 70.39) 
Similarly, there may be found the admittance of the load. Determine 


Y1/Yo a mani Valin = 1.67 
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Measurement of impedance with slotted line — continued 
GETTIN OT TIO CEE FEO CTE NP ERE AOS ILD SENDA NS EIS IE CEI, 
in the above example. Now pass around the chart counterclockwise through 


x/ = 0.40, starting at 0.25 and ending at 0.15. Read off the components 
of the normalized admittance. 


resistance component R/Z, 


Smith chart—center portion. 


Y= u = (1.03 — j0.53) 
Zi 4 Zo 
Alternatively, these results may be computed as follows: | 
1 — jlswr) tan 6 2(swr) — j[(swr)? — 1] sin 20 

SE ee 7 

Bo ” (swr) — j tan 6 : [(swr)? + 1] + [(swr)? — 1] cos 20 

14771 1 2(swr) + j[(swr)? — 1] sin 20 
v4 ZY Ro “ys ; [(swr)? + 1] — [(swr)? — 1] cos 20 


where R, and X, are the series components of Z, while Rp and Xp are the 
parallel components. 
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t 


) Characteristic impedance of lines 


0 to 220 ohms 


ACEC, 
calla 


SWYO Ul sdUDpEdWI 914S1J8}IDIJOYD 


0 te 700 ohms 


ee eee eee ee eee ee 
on oe oe es a 


OBS, RR) RG ea GS SES Gs Sts 


1.00 


he 
2 
2 
@ 
> 
i 
= J 
©) 


€ 


z 8 


Mee oat, eee 


SWYO U} EQUDPEedW 9)1$]19j90I049 


or 


'») 
porallel wires in air 


: 


av QI 
am g 
“a o 
guar 8 
o 3 O 
NN Gs 
Q 
ees 
wow N 


coaxial 


Characteristic impedance of lines 


type of line 
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continued 


characteristic impedance 


A. Single coaxial line 


[@2 


B. Balanced shielded line 


10] d 
h 


C. Beads—dielectric «, 


D. Open two-wire line in air 
oy 
t i 


le — p-—>] 


138 ie D 
whe ae 


60 
= — log. 


Sood 


Lo= 


= dielectric constant 
= | in air 


For D >d,h>>d, 


276 leo? 
Zo = fz logio E Teel 


Ve 
ed ah 
d D 


For cases (A) and (B), 


if insulating beads are used at 
frequent intervals—call new 
characteristic een le=| Zo’ 


zs W 
UR ICED nce ys 
WKS<Kd/4 


Zo = 120 cosh”! 7 


= 276 logio = 


~ 120 log, = 


590 CHAPTER 20 


Characteristic impedance of lines 


type of line | 
E. Wires in parallel, near ground 


oly 
-—G)4 
FO ni 


pgeerd cone F 


1. Balanced 4-wire 


Lbes 
Be ae 
GO eee: 


continued 


characteristic impedance 


For d<_D, h, 


69 Ah 2h\? 
LZ = — ust om & 
: J, eo» |G 1+ (2) 


For d<_D, h, 


276 
Zo = —= logio 


eon 
: d 7ST 


For d <h, 
138 4h 
LZ = es logio 
Zo = 138 logio p + 6.48 ore 2.34A 
— 0.488 —0N2e 
where p = D/d 
yeas 1 + 0.405p—4 
1 — 0.405p—4 
g - 1+ 0.16308 
1 — 0.163p-8 
- 1 + 0.067 p—-? 
1 — 0.067p—-? 
For d K Dy, Do 
2D. 


138 
= _——— log 


Z pane 
"We dV 
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Characteristic impedance of lines continued 


type of line | characteristic impedance ° 
J. Parallel-strip line 


Tint 7 <0 


4 Fen 37 = 


Ford <D, 
173 D 


K. Five-wire line 


Zo = (7, °8 0 933d 


L. Wires in parallel—sheath return 


For d<D, h, 
69 v 
o 4 Lo = a logo E (1 — o4) | 
¢ =h/D 
h y =h/d 


M. Air coaxial with dielectric sup- 
porting wedge 
_ __138 logio (D/d) 
*/tetfe— 110/360) 


dielectric constant of wedge 


om 
Il 


6 = wedge angle in degrees 
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Characteristic impedance of lines continued 


type of line | characteristic impedance 


N. Balanced 2-wire — unequal 
diameters For di, do < D, 


; i Me G8276 My AnD 
' 9 are il fot os 
"At eae 


©. Balanced 2-wire near ground For d < D, h,, ho, 
276 2D 1 


Lo = — = logy | eae 
d d 2 
+ V¢ vi ) D 


Anne 


Holds also in either of the following 
Ne De special cases: » 
VAAIILLLLLAL AA or 


h; = he (see F above) 


P. Single wire between grounded 


parallel planes—ground re- d 
turn For h < O75; 


LM 198 Noga Be 
h Zo = 


| V8" rd 

-~-£) d 
SSE Bi 
fh 
Q@. Balanced line between . 
grounded parallel planes Ferd Den 

4 i ae 276 lo Ah tanh et 
es 0 AVE, 910 


2 
7. ad 
pe 

D 


Characteristic impedance of lines 


type of line 
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continued 


characteristic impedance 


R. Balanced line between 
grounded parallel planes 


h/2 


ETT 


S. Single wire in trough 
Ww 


T. Balanced 2-wire line in 
rectangular enclosure 


U. Eccentric line 


Ford <h, 


Bee 76 2 2h 
Ce ard 


Ford <h,w, 


For d < D, w, h, 


4 - 7 i" Ah tanh = 
0 Ve 10 


ad 
a bs logio E ny ail 
m= 1 1 a Vmn° 
where 
tgp ‘ 
sinh Oh sinh oh 
Um = ——_ Vn = ——_ 
mirw _. mw 
cosh GTR sinh oh 
Ford < D, 


z= 7a {al'- (5) If 


For c/D <1 this is the Zo of type A 
diminished by approximately 


es) = ere 
Ve \D 
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Characteristic impedance of lines continued 
(ARES CADSR RA TUT AAT TO BCT OREN I TET) SF; 


type of line | | characteristic impedance 


V. Balanced 2-wire line in semi- | For d<D, w, h, 
infinite enclosure : : Bi 


© a Zo = 276 logio = 
€ cdV A 


where 


A = cosec? (=) + cosech? (=) 
w Ww 


W. Outer wires grounded, inner pe 276 lo 2D» 
wires balanced to ground nS “e 


d 


m E 1+(1+ eer 
L140 Soyo 
2D:.V2 
Ogi0 d J 
0; | 


Gh 


X. Split thin-walled cylinder 129 
2 7 
ae f logio cots + (<ot5 - 1) | 
d 20 O For 6 small: 
A Zo ~ 129/logio (4D/d) 


Courtesy of Electronic Engineering 


Y. Slotted air line When a slot is introduced into an air 
coaxial line for measuring purposes, 
the increase in characteristic im- 
A pedance in ohms, compared with a 
oS normal coaxial line, is less than 


AZ = 0.036? 


where 6 is the angular opening of 
the slot in radians 
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Voltage gradient in a coaxial line 
ES A LE LED LAE TE PTT EEE EE TEI LE LIOR, 


C’ = capacitance in micromicrofarads/foot Ay 
diameter of inner surface of outer conductor S 
in same units as d. \ 
= diameter of inner conductor 
= total voltage across line (E and AE both 
rms or both peak) 
r = radius (r and Ar both in same units) 
€ = net effective dielectric constant (= | for ; 


air); 1/é/? = velocity factor 


AE 0.434E 0.059EC’ 60E 6.10 X 104E 


a —— ae —i— SS 


Ar rlogyw (D/d) _—s re Zell? ven Zee. 


0 
I 


Mm Q 


At the voltage standing-wave maximum: 


(gradient at surface of inner conductor) = sap ice 
0 


ef 5450 (SPicyy) 1/? 
AI, PCF, SI 
where d is in inches (1 mil = 0.001 inch). For amplitude or pulse modulation, 


let Paw be the power in kilowatts at the crest of the modulation cycle. Thus, 
if the carrier is 1 kilowatt and modulation 100 percent, set 


peak volts/mil 


Paw = 4 kilowatts 


Example: What is the voltage gradient at inner conductor of a 63-inch 
rigid 50-ohm line with 500 kilowatts continuous-wave power, unity swr¢ 
Let « = 1.00 and d = 2.60 inches. 


5.37 (F 


1/2 
(gradient) = 760 =) = 6.55 peak volts/mil 


50 


The breakdown strength of air at atmospheric pressure is 29,000 peak 
volts/centimeter, or 74 peak volts/mil (experimental value, before derating). 


Microstrip* 


Microstrip consists of a wire above a 
ground plane, being analogous to 
a two-wire line in which one of the 
wires is represented by the image in 


* See, D. D. Grieg and H. F. Englemann, "Microstrip—A New Transmission Technique for the 
Kilomegacycle Range,” and two accompanying papers in Proceedings of the IRE, vol. 40, 
pp. 1644-1663; December, 1952: also in Electrical Communication, vol. 30, pp. 26-54; March, 1953. 
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Microstrip continued 


the ground plane of the wire that is physically present. On p. 595 is illus- 
trated a short length of microstrip line, showing the metallic-strip conductof 
bonded to a dielectric sheet, to the other side of which is bonded a metallic 
ground plate. 


Phase velocity 


Theoretically, for the TEM mode with conductors completely immersed in 
the dielectric, the velocity of propagation is 


v = c/(e,)*? 
where 


c = velocity of light in vacuum 
€, = dielectric constant relative to air 


For Teflon-impregnated Fibreglas dielectric, this gives 604 feet per micro- 
second. Experimental measurements on a line with 7/32-inch strip width 
and dielectric sheet 1/16-inch thick give 


= 655 feet/microsecond. 
Typical measurements together with the theoretical TEM wavelength are 
plotted in Fig. 10. 
Characteristic impedance 


If it were not for fringing and leakage flux, the theoretical characteristic 


Siecle 
: anak 
SaNEEe 
E 36 
pes 
34 
32 
et ef | 
30 is ee 


Oo 2 4 6 8 10 an ¢ t 8 20 22 24 26 2 3 


w in millimeters 


ale 
ALLLL LLL L 
\¢—— 26 —>| 


Fig. 10—Wavelength in microstrip versus width of strip conductor. The dimensions in the 
sketch at right are in millimeters. Dielectric was Fibreglas G-6. Measurements were taken 
at 4770 megacycles. 


TRANSMISSION LINES 59] 


Microstrip — continued 


impedance would be € 
Beet ye) byl / el U2 & 
= 377 (h/w) (1/e,)12 NP 
where 
h = thickness of dielectric 
w = width of strip conductor pacepo cele ee : 
€ = dielectric constant in farads/ ZZ | 
meter 75 4 
= permeability in henries/meter _ Fig. 11—Characteristic impedance for micro- 


strip with Fibreglas G-6 dielectric. Dimen- 
Fig. 11 shows the experimentally sions in sketch are in millimeters. C is the 


. . : : measured electrostatic capacitance in farads 
determined Zo for typical WS s28 Us per unit length and v is the phase velocity in 


lines. units of length per second. 


Attenuation 

Conductor loss for copper, in decibels/foot: 
Otou = 7.25 X 10-8 (1/A) (fpreeq) UV? 
Dielectric loss in decibels/foot: 

Og = 278 X 1072 fncF yp (e,)¥2 

where 


F, = power factor or loss angle 


h 


dielectric thickness in inches 


A correction factor for conductor attenuation is shown in Fig. 12 for use in 
the formula: 


a= aoxaA 
where a is, for copper conductors, given by ay above. 
Qo = Au GeO) Poul” 


where 


Mr = relative permeability 


p/ Pew = resistivity relative to copper. 


The measured attenuation of a typical microstrip line is shown on the 
chart on p. 615. The relatively high attenuation is due to the small physical 
size of the line. 
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Microstrip continued 
(AAA 


A 
© 
re) 


correction factor = 


0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.10 
d/h 


d 
ay 
Fig. 12—Correction factor A for conductor 


attenuation (case of wide strip of small h zy 
thickness above infinite ground plane). 


Power-handling capacity 


For a microstrip line composed of a strip 7/32-inch wide on a Teflon- 
impregnated Fibreglas base 1/16-inch thick: 


a. At 3000 megacycles with 300 watts cw, the temperature under the strip 
conductor has been measured at 50° centigrade rise above 20° centigrade 
ambient. 


b. Under pulse conditions, corona effects appear at the edge of the strip 
conductor for pulse power of roughly 10 kilowatts at 9000 megacycles. 


Strip transmission lines* 

Strip transmission lines differ from microstrip in that a second ground plane 
is placed above the conductor strip (see sketch below). The characteristic 
impedance is shown in Fig. 13 and the attenuation in Fig. 14. 


Attenuation 
Dielectric loss in decibels/unit length: a 
Oa = 27.3 Fye,'!?/Xo €, La. b 


where Ao = free-space wavelength. 


* See, S$. B. Cohn, “Problems in Strip Transmission Lines,” Transactions of the IRE Professional 
Group on Microwave Theory and Techniques, vol. MTT3, pp. 119-126; March 1955. Other papers 
On strip-type lines also appear in that issue of the journal. 
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Strip transmission lines continued 
EES LLL IFN EEL OIE BY RE EPSTEIN, TD ES 


| ATES SSNS HS ed 
StH 
Rea 


(€,)"22, in ohms 
ip) 
(o) 
fe) 
=~] 
.e) 
(€,)2Z, in ohms 


eI 
VISE EINAR NN Nee nl EG, 
SHE Nee 


REN NONTIEE 7 NOQTT 
RENAN NTT NA 
SNE ON 

SSSA ACTER 
CASSIS OCT 


0.2 03 04 0506 O08 1.0 3.0 4.0 


30 


w/b 
Fig. 13—Plot of strip-transmission-line Zo versus w/b for various values of t/b. For lower- 
left family of curves, refer to left-hand ordinate values; for upper-right curves, use right- 
hand scale. Courtesy of Transactions of the IRE Professonal Group on Microwave Theory and Techniques. 


°°] i el Ul i 
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Fig. 14—Theoretical attenuation of cia tae strip transmission line in dielectric 
medium e;. Courtesy of Transactions of the IRE Professional Group on Microwave Theory and Technique 
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Strip transmission lines continued 
AEN A ET ANT 


Conductor loss in decibels/unit length: 
ao = (y/b) (fime€r Mr P/ Pou) 2 
where 


y = ordinate from Fig. 14 


p/Pcu = resistivity relative to copper 


The unit of length in ag is that of Xo and in a, it is that of b. 


Lines and resonators with helical inner conductor 
: 


Spiral delay line 


For a transmission line with helical inner conductor (spiral delay line) where 
axial wavelength and length of line are both long compared to line diameter 
(similar to Fig. 15 in dimensional symbols): 


L’ = 0.30 n’d? [1 — (d/D)?] 


microhenries/axial foot where d is in inches and 


n = 1/7 = turns/inch. 


C’ = 7.4 €/logio (D/d) 


micromicrofarads/axial foot. 
L/C¥2 XX 103 ohms 
Galea Xela 


Z= 
i 


microseconds/axial foot 
Qdb — 4.34R/Zo + 273 Fal h 
decibels/axial foot where 


R = total conductor resistance in 


ohms/axial foot 
f = frequency in megacycles 
F, = power factor 


relative dielectric constant of 
medium between spiral and 
outer conductor 


er 


shield inside diameter 


eee 


shield inside length 


coil mean diameter 


Fig. 15—Resonator with helical inner con- 
ductor. One end of the helix is grounded 
solidly to the shield; other end is open- 
circuited. 
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Lines and resonators with helical inner conductor continued 
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Resonator 


In a quarter-wavelength resonator (Fig. 15), the mode of the fields is some- 
what different from the above. 


= 0.025 n?d*[1 — (d/D)?] microhenries/axial inch 
where d is in inches and 
n = 1/7 = turns/inch 
Empirically, for air dielectric (and b/d = 1.5), 
B = 0.75/login (D/d) 
micromicrofarads/axial inch. 


These equations and all those below are good roughly for 


10 <b/d < 40 

045<d/D <06 

0.4 <do/r < 0.6 at b/d 

Me < do/t < 0.7 at b/d 
1 <d/2 


Ks 
4.0 


where do = diameter of conductor 


The axial length of the coil is approximately a quarter wavelength, but 
much shorter than that length in free space. 


B = 250/f (LC)4/2 inches 


where f is the resonance frequency in megacycles. 


> _ 1000 | 25/0 |r 


fd? (b/d) | 1 — (d/D)? 
1/2 
1830 logao | turns/inch 
fD? (b/d) (d/D)? {1 — (d/D)? 


Zo 


1000 (L/C)¥2 = 0.25 X 108/bfC 


106 logio (D/d) | 
3 fD (b/d) (d/D) 


= 183 nd {[1 — (d/D)?]logio (D/d) }1/? ohms 
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Lines and resonators with helical. inner conductor. continued 
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A practical working formula for the unloaded Q (not the theoretical maxi- 
mum), for copper winding and shield, and negligible dielectric loss, is 


(d/D) — (d/DI a 


Qy = 
1.5 + (d/D)8 


50 DA? 


R 


(with D in inches) provided dp exceeds 5 times the skin depth (page 128). 


Example: A resonator is required for 10.0 megacycles with unloaded 
Q, = 1000. The generator impedance is 10,000 ohms and the load is 50 
ohms. They are matched through the resonator and provide a doubly loaded 
Qa = 100. The power capability of the generator is 200 watts. 


Suppose the proportions are set at b/d = 1.5 and d/D = 0.55. Then 
using the formulas and referring to Fig. 15, the following results are found. 


f = 10.0 megacycles 


Q, = 1000 
D = 6.3 inches 
d = 3.5 inches 
b = 5.25 inches 


L = b+ D/2 = 8.4 inches 


n = 6 turns per inch 
nb = 31.5 turns total 
t = 0.167 inch 


do = 0.067 to 0.100 inch 
5 = 0.0008-inch skin depth (page 129) 
Zo = 1700 ohms 


Referring to the section on ‘Resonant lines'’ (pp. 574-582): 


TRANSMISSION LINES 603 
Lines and resonators with helical inner conductor continued 
R,/Zo = (r/4) (1/Qa — 1/Q,) = 0.0071 


which is to be divided equally between generator and load and used in 
the formula in Fig. 6A. 


6, = 8.4 degrees for 10,000-ohm generator 


(tap) nb6,/90 degrees = 2.9 turns from short-circuited end 
6, = 0.6 degrees for 50-ohm load 

(tap) = 0.2 turn from short-circuited end 
§ = 1.2 on generator impedance 


(dissipation loss) = 0.9 decibel 


(insertion loss) 


since (mismatch loss) ~ zero 
P., = 200 watts 
P, = 36 watts 
I,, = 5.3 amperes 


E,, = 9000 volts 


The envelope area of the coil is approximately 50 square inches, so the 
average dissipation is P,/(area) = 0.72 watts per square inch. The power 
dissipation per unit area at the grounded end is twice the average value, 
due to the cosine distribution of current. Cooling is accomplished by 
radiation to the shield, and convection around the surface of the turns 
and from the coil supporting structure. 


In many applications, the loaded Q required is much lower than 100, in 
which case the resonator will handle a proportionately higher generator 
power. On the other hand, suppose the generator power remains at 200 
watts, but the loaded Q is allowed to be 12.5 (one-eighth its former value). 
Then the dimensions can be reduced to about one-half of those found in 
the example. The same values will result for power dissipation per unit 
area and voltage gradient between the open-circuited end and the shield. 
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Surface-wave transmission line* 
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The surface-wave transmission line is a single- 
conductor line having a relatively thick dielectric 
sheath (Fig. 16). The sheath diameter is often 3 or 
more times the conductor diameter. A mode of 
propagation that is practically nonradiating is 
excited on the line by means of a conical horn at 
each end as shown in Fig. 17. The mouth of the 
horn is roughly one-quarter to one wavelength 
in diameter. Losses are about half those of a two- copper conductor 
wire line, but the surface-wave line has a penance 

practical lower frequency limit of about 50 


Fig. 16—Cross-section of sur- 
megacycles. face-wave transmission line. 


Design charts are given in Figs. 18-20 together with formulas herewith for 
attenuation losses. 


The losses in the two launchers combined vary from less than 0.5 decibel 
to a little more than 1.0 decibel, according to their design. 


launcher launcher 
dielectric-coated Rr 
conductor 


Fig. 17—Surface-wave transmission line with launchers at each end. These form transitions 
to coaxial line. Courtesy of Electronics 


Conductor loss L, by the formula below is 5 percent over the theoretical 
value for pure copper. Dielectric loss Lp for polyethylene at 100 megacycles 
is shown in Fig. 19. For other dielectrics and frequencies, find L; by the 
formula. 


L, = 0.455 f1/2/Zd; decibels/100 feet 

L; = 26 fFplp/le, — 1) decibels/100 feet 
ease Lt /100 | 

for brown polyethylene (Fig. 19). 


* Georg Goubau, ‘Designing Surface-Wave Transmission Lines,” Electronics, vol. 27, pp. 180-184; April, 1954. 
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Surface-wave transmission line continued 
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Iimpedance= Z in ohms( for €,=2.3)) 


Fig. 18—Relationship among wire diameter, dielectric layer, phase-velocity reduction, and 
impedance (for brown polyethylene). Courtesy of Electronics 
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Surface-wave transmission line continued 
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A CCoc emer 
ee —— 
000 kA Serr kh! hh). 


O 
; erases veabettn 100 Bf in sak 


L,= dielectric loss at {00 mc in db per 100 feet 


Fig. 19—Dielectric loss at 100 megacycles for brown polyethylene (er = 2.3 and Fp =5 X 10-4). 
Courtesy of Electronics 


Symbols used in formulas and figures are: 


c = velocity of propagation in free space 

d; = diameter of the conductor (inches in formula for L,) 

d, = outside diameter of the dielectric coating — — 
f = frequency in megacycles 

F, = power factor of dielectric 

L, = conductor loss in decibels/100 feet 

L; = dielectric loss in decibels/100 feet 

L, = dielectric loss shown in Fig. 19. 

Z = waveguide impedance in ohms 

5v = reduction in phase velocity 

dielectric constant relative to air 


Lan) 
“= 
I 


> 
I 


free-space wavelength 


Example: At 900 megacycles (AX = 0.333 meter), a 200-foot line is required | 
having a permissible loss of 1.0 decibel/100 feet (not including the launcher — 
losses). What are its dimensions? ° | 


Allowing 20 percent for dielectric loss, the conductor loss would be — 
L. = 0.8 decibel/100 feet. Assuming Z = 250 ohms as a first approximation, — 
the formula for L. gives d; = 0.068 inch. Use no. 14 AWG wire (d; = 0.064 — 
and \/d; = 204). Now going to Fig. 18 and assuming that 100 dv/c = 6 
percent is adequate, we find that d,/d; = 3 and: Z = 270 ohms. 


Recomputing, Lz = 0.79 decibel/100 feet. By Fig. 19, Lp = 0.017 at 100 
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Surface-wave transmission line continued 
LE TE TITRE IS LEI RR IE LD RTL EEA TPS IID CES 


megacycles for brown polyethylene. Using the same material at 900 mega- 
cycles, the loss is L;= 0.15 decibel/100 feet. 


For 200 feet, the combined conductor and dielectric loss is 1.9 decibels, 
to which must be added the loss of 0.5 to 1.0 decibel total for the two 
launchers. 


Dielectric other than polyethylene (Fig. 20) 


Determine Z and dv/c for polyethy- 
lene (e, = 2.3) from Fig. 18. Then 
use Fig. 20 to find the value of 
d./d; required for the same per- 
formance with actual dielectric con- 
stant e,. Make computation of new 
dielectric loss, using Fig. 19 and 
formula for L;. 


fe tH 


Fig. 20—Conversion chart for dielectric other 2 4 6 810 


than polyethylene. Courtesy of Electronics ratio do/d; for actual dielectric 


i) 


equivalent d,/d; for polyethylene (€, = 2.3) 


Army-Navy list of standard radio-frequency cables* 


The following notes apply to the table on pages 608-611: 


* From "Guide to Selection of Standard RF Cables," Armed Services Electro-Standards Agency, 
Fort Monmouth, New Jersey, publication 49-2B, 1 November 1955 supplement. 

T Diameter of strands given in inches. As, 7/0.0296 = 7 strands, each 0.0296-inch diameter. 

t This value is the diameter over the outer layer of conducting or insulating synthetic rubber. 
Note 1—Dielectric materials and approximate velocity factors (v = velocity of propagation 
in cable, c = velocity of light in free space): 

A = Solid stabilized polyethylene (v/c = 0.67, except for RG-65A/U and RG—86/U). 

A2 = Air-spaced polyethylene (v/c = 0.84). 

D Layer of insulating synthetic rubber between thin layers of conducting rubber (v/c = 0.41). 
E = Inner layer conducting synthetic rubber, center layer insulating synthetic rubber, outer 
layer red insulating synthetic rubber (v/c = 0.41). 

F = Solid polytetrafluoroethylene (teflon) (v/c = 0.695). 

F2 = Taped polytetrafluoroethylene (teflon). 

F3 = Air-spaced polytetrafluoroethylene (teflon). 

Note 2—Composition of protective covering: 

Y = Noncontaminating synthetic resin. 

Z1 = Polytetrafluoroethylene- (teflon-) tape moisture seal, single Fiberglas braid, silicone- 
varnish impregnated. 

Z2 = Polytetrafluoroethylene- (teflon-) tape moisture seal, double Fiberglas braid, silicone- 
varnish impregnated. 

Note 3—For RG-65A/U, delay = 0.042 microsecond per foot at 5 megacycles; dc resistance = 
7.0 ohms/foot. 
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Attenuation: On pp. 614 and 615 is a chart that illustrates the attenuation 
of general-purpose radio-frequency lines and cables up to their practical 
upper frequency limit. Most of these are coaxial-type lines, but wave- 
guide and microstrip are included for comparison. 


The following notes are applicable to this table. 


a. For the RG-type cables, only the number is given (for instance, the 
curve for RG-14A/U is labeled only, 14). {See table on pages 607-611.) 
The data on RG-type cables taken mostly from, “Index of RF Lines and 
Fittings,” Armed Services Electro-Standards Agency, Fort Monmouth, New 
Jersey, publication 49-2B, 1 November 1955 supplement, and from ‘“‘Solid 
Dielectric Transmission Lines,’’ Radio-Electronics-Television Manufacturer's 
Association Standard TR-143; February, 1956. 


Some approximation is involved in order to simplify the chart. Thus, where a 
single curve is labeled with several type numbers, the actual attenuation of 
each individual type may be slightly different from that shown by the curve. 


b. The curves for rigid copper coaxial lines are labeled with the diameter 
of the line only, as ?"C. These have been computed for the standard 
50-ohm-size lines listed in Radio-Electronics-Television Manufacturer's 
Association Standard TR-134; March, 1953. The computations considered 
the copper losses. only, on the basis of a resistivity p = 1.724 microhm- 
centimeters; a derating of 20 percent has been applied to allow for imperfect 
surface, presence of fittings, etc., in long installed lengths. Relative attenua- 
tions of the different sizes are as follows: 


As" ~ 0.13Ax- 
Asy« ~~ 0.26A %- 
Aisge ~ O.51Ax« 


c. Curves for three sizes of 50-ohm Styroflex cable are copied from a 
brochure of the manufacturer. These are labeled by size in inches as, 
#’’S. The velocity factor of this type of cable is approximately v/c = 0.91. 


d. The microstrip curve is for Teflon-impregnated Fiberglas dielectric 
1/16-inch thick and conductor strip 7/32-inch wide. 


e. Shown for comparison is the attenuation in the TEi,0 mode of 5 sizes 
of brass waveguide. The resistivity of brass was taken as p = 6.9 microhm— 
centimeters, and no derating was applied. For copper or silver, attenuation 
is about half that for brass. For aluminum, attenuation is about 2/3 that 
for brass. 
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Power rating: On p. 616 is a chart of the approximate power-transmitting 
capabilities of various coaxial-type lines. The following notes are applicable. 


f. Identification of the curves for the RG-type cables is as in note a above. 
The data for these cables are from the sources indicated in that note. For 
polyethylene cables, an inner-conductor maximum temperature of 80 degrees 
centigrade is specified (See note /). For high-temperature cables types 
87 and 116, the inner-conductor temperature is 250 degrees centigrade. 


g. The curves for rigid coaxial line are labeled with the diameter of the 
line only, as 3’’C. These are rough estimates based largely on miscel- 
laneous charts published in catalogs. 


h. For Styroflex cables, see note c above. 


i. The curves are for unity voltage standing-wave ratio. Safe operating 
power is inversely proportional to swr expressed as a numerical ratio greater 
than unity. Do not exceed maximum operating voltage (see pp. 595 and 
607-611). ¥ 


j- An ambient temperature of 40 degrees centigrade is assumed. 


k. The 4 curves meeting the 100-watt abscissa may be extrapolated: at 
3000 megacycles for RG-122, maximum average power is 20 watts; for 
55,58, power is 28 watts; for 59, power is 44 watts; and for 5,6, power is 
58 watts. 


I. The Radio—Electronics—Television Manufacturer's Association Standard 
TR-143 states that operation of a polyethylene dielectric cable at a center- 
conductor temperature in excess of 80 degrees centigrade is likely to cause 
permanent damage to the cable. Where practicable, and particularly where 
continuous flexing is required, it is recommended that a cable be selected 
which, in regular operation, will produce a center-conductor temperature 
not greater than 65 degrees centigrade. Rating factors for various operating 
temperatures are given in the following table. Multiply points on the power- 
rating curve by the factors in the table to determine power rating at 
Operating conditions. 


ambient maximum center conductor temperature in 

temperature degrees centigrade 

in degrees 

centigrade 80 75 | 70 | 65 
40 1.0 0.86 O72 0.59 
50 0.72 0.59 0.46 0.33 
60 0.46 0.33 0.22 0.10 
70 0.20 0.09 0 a 


80 0 — | se aa 
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HM Waveguides and resonators 
Propagation of electromagnetic waves in hollow waveguides 


For propagation of energy at microwave frequencies through a hollow 
metal tube under fixed conditions, a number of different types of waves are 
available, namely: 


TE waves: Transverse-electric waves, sometimes called H waves, character- 
ized by the fact that the electric vector (E vector) is always perpendicular 
to the direction of propagation. This means that 


E, =0 
where z is the direction of propagation. 


TM waves: Transverse-magnetic waves, also called E waves, characterized 
by the fact that the magnetic vector (H vector) is always perpendicular to 
the direction of propagation. 


This means that 
a, = 0 
where z is the direction of propagation. 


Note—TEM waves: Transverse-electromagnetic waves. These waves are 
characterized by the fact that both the electric vector (E vector) and the 
magnetic vector (H vector) are perpendicular to the direction of propaga- 
tion. This means that 


E, = H, = 0 


where z is the direction of propagation. This is the mode commonly excited 
in coaxial and open-wire lines. It cannot be propagated in a waveguide. 


The solutions for the field configurations in waveguides are characterized 
by the presence of the integers m and n which can take on separate values 
from 0 or 1 to infinity. Only a limited number of these different m,n modes 
can be propagated, depending on the dimensions of the guide and the fre- 
quency of excitation. For each mode there is a definite lower limit or cutoff 
frequency below which the wave is incapable of being propagated. Thus, 
a waveguide is seen to exhibit definite properties of a high-pass filter. 


The propagation constant ym,n determines the amplitude and phase of each 
component of the wave as it is propagated along the length of the guide. 
With z = (direction of propagation) and w = 2m X (frequency), the 
factor for each component is 


exp [jot a Ve nZl 
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Propagation of electromagnetic waves in hollow waveguides continued 
CEFR NMS DORIS GINS ELIA LITEM TEES NALD LT I STELLA ST SOR IIE TE GEE BIAS NTT 


Thus, if Ym,n is real, the phase of each component is constant, but the ampli- 
tude decreases exponentially with z. When ymn is real, it is said that no 
propagation takes place. The frequency is considered below cutoff. Actually, 
propagation with high attenuation does take place for a small distance, and 
a short length of guide below cut- 
off is often used as a calibrated 
attenuator. 


When ‘Ymn is imaginary, the 
amplitude of each component 
remains constant, but the phase 


ny 
varies with z. Hence, propagation y Z 
takes place. Ymn is a pure im- g L Z 
aginary only in a lossless guide. “ AA RY 
In the practical case, Ym,n usually : 


has both a real part am,n, Which is Fig. 1—Rectangular waveguide. 
the attenuation constant, and an 

imaginary part By», Which is the phase propagation constant. Then 
Ym,n = Amn + TBnck 


Rectangular waveguides 


Fig. 1 shows a rectangular waveguide and a rectangular system of coordi- 
nates, disposed so that the origin falls on one of the corners of the wave- 
guide; z is the direction of propagation along the guide, and the cross- 
sectional dimensions are yo and Xp. 


For the case of perfect conductivity of the guide walls with a nonconducting 
interior dielectric (usually air), the equations for the TMm,n or Em» Waves 
in the dielectric are: 


jut — Ym,n? 


Ee sce Ae ee (= *) i “(= y) cos (x) eft Ym,0? 
Van iO we re 
Ey = — A ——"™—_ pond (= *) cos (= y) sin (= *) eft m,n? 
y m,n + wpe Yo Xp 
mar =) | 


al 
8 
ll 
| 
> 


Wwe ni mr ae 
ge cos (—y ) sin (| — x ) e”* %mn? 
Vom,n tbe Yo Yo Xo 


IW€ mr\ , nw ted 
— A ot (=) sin (= y cos Lead x e! t Ym,n? 
Yo mn sie Me Xo Yo Xo 


aie 
| 
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where e is the dielectric constant and w the permeability of the dielectric 
material in meter-kilogram-second (rationalized) units. 


Constant A is determined solely by the exciting voltage. It has both ampli- 
tude and phase. Integers m and n may individually take values from 1 to 
infinity. No TM waves of the 0,0 type or 1,0 type are possible in a rectangular 
guide so that neither m nor n may be O. 


Equations for the TEm» waves or Hm» waves ina dielectric are: 


1) n n m S 
Seri on (ye y } cos ae x ) eft Tmint 
Viwa tone. Ns Yo Xo 

(a) mir nw mr Fe 
B= 8 (PE) cn) an (BE) tte 
Yom,n + w ME Xo Yo Xo 


n S 
H, =B — (=) cos (= y) sin (= *) elt Ym,n4 
Y*n.n iw" pe Xo Yo Xo 
ity — RB Teme _ (=) sin (= y) cos (= *) elt 7 mn? 
Yom,n = WME Yo Yo Xo 
i. = B cos (= y) cos (= *) ef t—7 m,n? 
Yo Xo 


where é is the dielectric constant and pw the permeability of the dielectric 
material in meter-kilogram-second (rationalized) units. 


Constant B depends only on the original exciting voltage and has both 
magnitude and phase; m and n_ individually may assume any integer value 
from 0 to infinity. The 0,0 type of wave where both m and n are 0 is not possi- 
ble, but all other combinations are. 


As stated previously, propagation only takes place when the propagation 
constant Ym.n is imaginary; 


ma \? n\?2 
Ynn = (=) Et (=) — wpe 
Xo Yo 


This means, for any m,n mode, propagation takes place when 


sur (2) +(2) 
Xo Yo 
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4 top view of section a-a’ 
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Fig. 3—Field configuration for a TE,; wave. 
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Fig. 4—Characteristic E lines for TE waves. 
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or, in terms of frequency f and velocity of light c, when 


e+ (2) 


where yy and ¢; are the relative permeability and relative dielectric constant, 
respectively, of the dielectric material with respect to free space. 


The wavelength in the air-filled waveguide is always greater than the 
wavelength in free space. The wavelength in the dielectric-filled wave 
guide may be less than the wavelength in free space. If \ is the wavelength 
in free space and the medium filling the waveguide has a relative dielectric 
constant e, 


nN r 

Agcm,n) I a a 

<I 2) nd \2 J »\2 

e— — {— e—{— 

| 2Xo 2Yo Ne 
where (1/A.)?2 = (m/2xo)? + (n/2yo)? 
The phase velocity within the guide is also always greater than in an un- 
bounded medium. The phase velocity v and group velocity u are related by 
the following equation: 
u = c2/v 
where the phase velocity is given by v = cA,/X and the group velocity is 
the velocity of propagation of the energy. 


To couple energy into waveguides, it is necessary to understand the con- 
figuration of the characteristic electric and magnetic lines. Fig. 2 illustrates 
the field configuration for a TE19 wave. Fig. 3 shows the instantaneous field 
configuration for a higher mode, a TEs: wave. 


In Fig. 4 are shown only the characteristic E lines for the TE10, TEs go) 61.1, 
and TEs; waves. The arrows on the lines indicate their instantaneous relative 
directions. In order to excite a TE wave, it is necessary to insert a probe to 
coincide with the direction of the E lines. Thus, for a TEy,.9 wave, a single 
probe projecting from the side of the guide parallel to the E lines would be 
sufficient to couple into it. Several means of coupling from a coaxial line 
to a rectangular waveguide to excite the TEi,9 mode are shown in Fig. 5. 
With structures such as these, it is possible to make the standing-wave ratio 
due to the junction less than 1.15 over a 10- to 15-percent frequency band. 


Fig. 6 shows the instantaneous configuration of a TMii wave; Fig. 7, the 
instantaneous field configuration for a TMz1 wave. Coupling to this type of 
wave may be accomplished by inserting a probe, which is parallel to the 
E lines, or by means of a loop so oriented as to link the lines of flux. 
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Fig. 5—Methods of coupling to TE;,) mode (a = ),/4). 
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Fig. 6—Instantaneous fleld configuration for a TM:,1 wave. 
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Fig. 7—Instantaneous fleld configuration for a TM:,1 wave. 


Circular waveguides 


The usual coordinate system is p, 6, z, where p is in the radial direction; 
6 is the angle; z is in the longitudinal direction. 


TM waves (E waves): H, = 0 
N 


g(m,n) 


FE, = Hen = 
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r 
ae 
‘ Agen) 


Es = A Jn lkmn p) cos n 0 ef*—Imn? 


: 2mn fi 30, 
H, Ls ad —jA eo Se tketcap) sin n 6 e —Yonn 
ie el ae Peet 
He = —jA J én (kmnp) cosn 6e mn 
Akm,n0 


where 7 = (u/€)” with uw and é€ in absolute units. 


By the boundary conditions, Ez = 0 when p = a, the radius of the guide. 
Thus, the only permissible values of k are those for which Jn (kmna) = 0 
because E, must be zero at the boundary. 


The numbers m, n take on all integral values from zero to infinity. The waves 
are seen to be characterized by the numbers, m and n, where n gives the 
order of the bessel functions, and m gives the order of the root of Ja 
(km.n a). The bessel function has an infinite number of roots, so that there are 
an infinite number of k’s that make Jn (kmna) = 0. 


TE waves (H waves): E, = 0 


27nn 


E, = JB ae Jn (km.np) sin n @ mn? 
se) Maas 
Ey, = jB —— Jn (kmnp) cosn@e mn 
Kin. 
et. = —Ff, Ngim,n) 
nr 
He = : Ng (m,n) 
nr 


Hz = Bln (kmn p) Cos nO ef! —Ymn? 


Again n takes on integral values from zero to infinity. The boundary condi- 
tion Eg = 0 when p = asstill applies. To satisfy this condition k must be such 
as to make J’n (km a) equal to zero [where the superscript indicates the 
derivative of Jn (km.na)]. It is seen that m takes on values from 1 to infinity 
since there are an infinite number of roots of J’n (km.n a). 
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For circular waveguides, the cutoff frequency for the m,n mode is 
lec ae Kn nie T 


where c = velocity of light and km.n 
is evaluated from the roots of the 
bessel functions 


baa Une Oo. OL UP, al 


where a = radius of guide or pipe 
and Un.» is the root of the particular 
bessel function of interest (or its 
derivative). 


The wavelength in any. guide filled 


with a homogeneous dielectric € o O02 O04 06 08 1.0 
(relative) is No/Ae 

Fig. 8—Chart for determining guide 
Ny = Ao/[e — (Ao/Ae) 2] wavelength. 


where Ag is the wavelength in free space, and X, is the free-space cutoff 
wavelength for any mode under consideration. 


The following tables are useful in determining the values of k. For TE waves 
the cutoff wavelengths are given in the following table. 


Values of \./a (where a = radius of guide) 


geen 0 | Nea 2 


l 1.640 3.414 2.057 
2 0.896 LAZS 0.937 
3 0.618 0.736 0.631 


For TM waves the cutoff wavelengths are given in the following table. 


Values of ),/a 
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where n is the order of the bessel function and m is the order of the root. 


Fig. 8 shows Ag/Ay as a function of TM.) TM,» 
No/Ac. From this, Ag may be deter- 

mined when Ag and A, are known. | 
The pattern of magnetic force of 


TM waves in a circular waveguide 
is shown in Fig. 9. Only the maxi- 
mum lines are indicated. In order to 
excite this. type of pattern, it is 
necessary to insert a probe along 
the length of the waveguide and 
concentric with the H lines. For 
instance, in the TMo,1 type of wave, Fig. 9—Patterns of magnetic force of TM 
a probe extending down the length waves ir circular waveguides. 

of the waveguide at the very center 
of the guide would provide the 
proper excitation. This method of 
excitation is shown in Fig. 10. 
Corresponding methods of excita- 
tion may be used for the other 
types of TM waves shown in Fig. 9. 


Fig. 10—Method of coupling to circular 
Fig. 11 shows the patterns of elec- Wavesvide for TMo1 wave. 
tric force for TE waves. Again only 
the maximum lines are indicated. 
This type of wave may be excited 
by an antenna that is parallel to 
the electric lines of force. The 
TE1,1 wave may be excited by 
means of an antenna extending 
across the waveguide. This is illus- 
trated in Fig. 12. 


Propagating E waves have a mini- 
mum attenuation at (3)” f,. 


The Hi,1 wave has minimum attenu- 


, 7 Fig. 11—Patterns of electric force of TE 
ation at the frequency 2.6 (3) 7 Pe waves in circular waveguides. 
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The Ho,1 wave has the interesting 
and useful property that attenua- 
tion decreases as the frequency 
increases. The fact that this is true 
for all frequencies makes this trans- 
mission mode unique. 


Fig. 12—Method of coupling to circular 
Ridged waveguides* waveguide for TE,,1 wave. 
AALS NH TTT, 


To lower the cutoff frequency of a waveguide for use over a wider-than- 
normal frequency band, ridges may be used. By proper choice of dimensions, 
it is possible to obtain as much as a four-to-one ratio between cutoff 
frequencies for the TEs,o and TEy,9 modes. 


Fig. 13—-Asymmetrical and symmetrical ridged waveguides. 


Fig. 13 pictures two forms of commonly used ridged waveguide. 


The value for the cutoff wavelength Ag is 


Ne a (",) Aco 
61 + A 


where Aco = 2a = cutoff wavelength without ridges and 6; and Oe satisfy 
the approximate equation 


cot 01 + (bi/bs) cot 62 = 0. 


The last equation is approximately true for small 6; and small bi/be, since 
it assumes no discontinuity susceptance at the ridge edges. 


* "Very-High-Frequency Techniques," McGraw-Hill’ Book Company Incorporated, New York, 
N. Y.; 1947; Pp. 678-684, ; 
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Attenuation constants continued 


All of the attenuation constants contain a common coefficient 
ao = § (woera/ coms)? 

where 

€, = dielectric constant of insulator 

{41 = magnetic permeability of insulator 

o2 = electric conductivity of metal 

[tg = magnetic permeability of metal 

For air and copper, | 


ay = 0.35 X 10-® nepers/meter = 0.3 X 107° decibels/kilometer 


To convert from nepers/meter to decibels/100 feet, multiply by 264. 
Fig. 14 summarizes some of the most important formulas. Dimensions a and b 
are measured in meters. 


Attenuation in a waveguide beyond cutoff 


When a waveguide is used at a wavelength greater than the cutoff wave- 
length, there is no real propagation and the fields are attenuated exponen- 
ially. The attenuation L in a length d is given by 


21/2 
Pires 54.5 a. [ ~ (*) | decibels 
NG IN ! 


where 
Ae = cutoff wavelength 
\ = operating wavelength 


Note that for \ > X,, attenuation is essentially independent of frequency 
and 


L = 54.5 d/X, decibels 


Ae is a function of geometry. 


Standard waveguides 


Fig. 15 presents a list of rectangular waveguides that have been adopted 
as standard with some of their properties. 
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Waveguide circuit elements* 


Just as at low frequencies, 
it is possible to shape me- 
tallic or dielectric pieces 
to produce local concen- 
trations of magnetic or 
electric energy within a 
waveguide and thus pro- 
duce what are, essentially, 
lumped inductances or 
capacitances over a lim- 
ited frequency bandwidth. 


This behavior as a lumped 
element will be evident 
only at some distance 
from the obstacle in the 
guide, since the fields in 
the immediate vicinity are 
disturbed. 


VZZLLLLLLLLD 2 ZS 


Capacitive elements are symmetrical diaphragm b 
formed from electric-field UZZZZLLL LAY 
concentrating devices, 6 

uch g thi asymmetrical diaphragm VLSI Lia ye 
such as screws or. thin (replace X, by hg/2) : b 
diaphragms inserted par- — 


tially along electric-field <n oe 
lines. These are suscep- % je % 
tible to breakdown under AUT E 
high power. Fig. 16 shows 
the relative susceptance 


B/Y» for symmetrical and 
asymmetrical diaphragms for small b/g. 


Fig. 16—Normalized susceptance of capacitive 
diaphragms. 


A common form of shunted lumped inductance is the diaphragm. Figs. 17 and 
18 show the relative susceptance B/Y9 for symmetrical and asymmetrical dia- 
phragms in rectangular waveguides. These are computed for infinitely thin 
diaphragms. Finite thicknesses result in an increase in B/Yo. 


Another form of shunt inductance that is useful because of mechanical 
simplicity is a round post completely across the narrow dimension of a 
rectangular guide (for TE, mode). Figs. 19 and 20 give the normalized 
values of the elements of the equivalent 4-terminal network for several 
post diameters. 

* For a more complete treatment, refer to C. G. Montgomery, R. H. Dicke, and E. M. Purcell, 
“Principles of Microwave Circuits,"" McGraw-Hill Book Company, Incorporated, New York, 


N. Y.; 1948: Chapters 1 and 6. Also N. Marcuvitz, ‘Waveguide Handbook,” McGraw-Hill 
Book Company, Incorporated, New York, N. Y.; 1951. 
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Waveguide circuit elements continued 


Frequency dependence of waveguide susceptances may be given approxi- 
mately as follows: 


NX 
NX 
(B/Yo) (a/Ag) 


o 
@ 
o 


6/a 


Reprinted from “‘Microwave Transmission Circuits,"" by George L. Ragan, Ist ed., 1948; by permission, McGraw-Hill Book 
Go:, IN. Y. 


Fig. 17—Normalized susceptance of a symmetrical inductive diaphragm. 


pm ® 


(B/Y) (a/Xg) 


Reprinted from ‘‘Micro- 

wave Transmission Cir- 0.2 
cuits,"" by George L. 

Ragan, Ist ed., 1948; by 

permission, McGraw-Hill 0 
Book Co., N. Y. 


Fig. 18—-Normalized susceptance of an asymmetrical inductive diaphragm. 
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Waveguide circuit elements continued . 
AAT ENT EA TS a PSOE AN TR TRE IE LIOR 


Inductive = B/Yoo A, 


Capacitative = B/Yoa1/Xg (distributed) 
= B/YoxX,/d (lumped) 


Distributed capacitances are found in junctions and slits, whereas tuning ° 
screws act as lumped capacitances. 


PE pela eh TNE Fle ei el [eae 


Ra! 
As SCC cee 
vee] etefe te biel Space haalesele ellie A Te 
jb eM Mes [hel calengleeeeel7 | (Lae | ee] eae 
payee ep ee 
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Fig. 19—Equivalent circuit for inductive cylindrical post. 
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Waveguide circuit elements continued 
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Fig. 20—Equivalent circuit for inductive cylindrical post. 


Hybrid junctions* 


The hybrid junction is illustrated in various forms in Fig. 21. An ideal junction 
is characterized by the fact that there is no direct coupling between arms | 
and 4 or between 2.and 3. Power flows from T to 4 only by virtue of reflec- 
tions in arms 2 and 3. Thus, if arm 1 is excited, the voltage arriving at arm 4 is 


E, = Fi (e724 = T'3e72%) 


a 


*C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles of Microwave Circuits.” 
McGraw-Hill Book Company, Incorporated, New York, N. Y.; 1948: Chapter 9. 
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Hybrid junctions continued 
and the reflected voltage in arm | is 
En = Es re + Tse! 


where [, is the amplitude of the incident wave, I’, and I’; are the reflection 
coefficients of the terminations of arms 2 and 3, and @2 and 63 are the 
respective distances of the terminations from the junctions. In the case of 
the rings, @ is the distance between the arm-and-ring junction and the 
termination. 


If the decoupled arms of the hybrid junction are independently matched 


matching elements 


E-plane waveguide 
hybrid ring symmetrical coaxial hybrid 


Fig. 21—-Hybrid junctions. 
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Hybrid junctions continued 


and the other arms are terminated in their characteristic impedances, then 
all four arms are matched at their inputs. 


Resonant cavities 
EASES SP IODA IIR 


A cavity enclosed by metal walls will have an infinite number of natural 
frequencies at which resonance will occur. One of the more common types 
of cavity resonators is a length of transmission line (coaxial or waveguide) 
short-circuited at both ends. 


Resonance occurs when 
2h = I(r,/2) 
where / is an integer and 


2h 
Ng = guide wavelength in resonator 
N/[e — (A/d)2]4 


length of the resonator 


where 
r 
Ne 


€ 


free-space wavelength 


guide cutoff wavelength 


relative dielectric constant of medium in cavity 


For TEm,n or TMm,n Waves in a rectangular cavity with cross section a, b, 
Ne = 2/[(m/al? + (n/b)?]# 

where m and n are integers. 

For TEm,n waves in a cylindrical cavity 

Ne ==) 23a fl. nin 


where a is the guide radius and U’m n is the mth root of the equation 
oon(U) = 0. 


For TMm,n waves in a cylindrical cavity 
Xe => 2ra/Um,n 


where a is the guide radius and Um,n is the mth root of the equation 
mai) = 0. 


Bor TA waves /] = 0, 1, 2... 


For TE waves / = 1, 2..., but not 0 
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Resonant cavities continued 
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Rectangular cavity of dimensions a, b, 2h 
X = 2/[(/2h)2 + (m/a)? + (n/b)?]” 


where only one of J, m, n may be zero. 


Cylindrical cavities of radius a and length 2h 
N= 1/[U/4h)?2 + (1/22) 


where A, is the guide cutoff wavelength. 


Spherical resonators of radius a 
\ = 2ra/Um,n for a TE wave 

X = 2ma/U' m,n for a TM wave 
Values of Um, n: 

Ui11= 4.5, Ue. = 5.8, U1.2 = 7.64 
Values of Um, n: 


U'1,1 = 2.75 = lowest-order root 


Additional cavity formulas 


Note that resonant modes are characterized by three subscripts in the 
mode designations of Figs. 22—24. 


Fig. 22—Formulas for a right-circular-cylindrical cavity. 


| Ao resonant | 
mode wavelength (all dimensions in same units) 


4 ancy Oxi 
TMo,1,1 (Eo) G) 2.35 oe aes 
5 32 2h 
/ 2 
Wee ans te, 4 1+ 0.168 (7) 
TEo,1,1 (Ho) v() a 5.93 os 3 
. h ' @? 6 Xo om 
| | 1+ 0.168 () 
4 Ao A 2.39h2 + 1.7302 agit 
TEi 1.1 (H,) 1 2 ] 37 - \a 7 ht.) 
@ ai ” £3.39 = +0.73ch + 1.73a? 
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Resonant cavities = continued 


Fig. 23——Characteristics of various types of resonators. 


resonant | 
type resonator wavelength, oon type resonafor) 4. 5 sj wavelength’, | Qe | Q 
Square Br Ys 
prism 2h 
TEi,0,1 fe 2 20/2a 0.353 I 
) 
= 0.177A 
h 
ee es 2a 
Circular <> 
cylinder 
TMo.1,0 2.61la 0.383A 1 
6 0.192d 
E 2h we - 
Sphere 
2.28a 0. 318 > » 
Sphere Optimum Q 
with toy, for @ = 34° 
cones 
4a 0.1095 . 
6 
| 
Coaxial Optimum Q 
TEM b 
for- = 3.6 
a 
4h (Zo = 77 ohms) 
r 
hé 
45 + 7.2 7s 


Skin depth in meters = 6 = V10'/2rwo 
where o = conductivity of wall in mhos/meter and w = 2m X frequency 
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Resonant cavities continued 
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25 X 102° 


[fiefs | 7s | ee 


View 
WIL 


20 x 102° 


(2af)? in (centimeters X cycles/second)? 


f 


| 
V 


15 X 1020 


tk KH Kole 


WA | 


10 X10 2° 


¢] 2 & 6 8 10 
(a/h)? 
C] 
Reprinted from ‘‘Techniques of Microwave Measure- | 
ments,’’ by Carol G. Montgomery, Ist ed., 1947; 2h 


by permission, McGraw-Hill Book Co., N. Y. | 


Fig. 24—Mode chart for right-circular-cylHindrical cavity. 
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Resonant cavities = continued 
TEL NT AS ES 


Fig. 24 is a mode chart for a right-circular-cylindrical resonator, showing 
the distribution of resonant modes with frequency as a function of cavity 
shape. With the aid of such a chart, one can predict the various possible 
resonances as the length (2h) of the cavity is varied by means of a movable 
piston. 


Effect of temperature and humidity on cavity tuning 


The resonant frequency of a cavity will change with temperature and 
humidity, due to changes in dielectric constant of the atmosphere, and with 
thermal expansion of the cavity. A homogeneous cavity made of one kind 
of metal will have a thermal-tuning coefficient equal to the linear coefficient 
of expansion of the metal, since the frequency is inversely proportional to 
the linear dimension of the cavity. 


linear coefficient 


metal of expansion/°C 
Yellow brass 20 
Copper 17.6 = 
Mild steel 2 (712 
Invar 1.1 


The relative dielectric constant of air (vacuum = 1) is given by 


k= 1+ 210 X 1o-8 Fe 4 180 X ioe (1 + mt 
T heh AD 

where P, and P,, are partial pressures of air and water vapor in millimeters 

of mercury and T is the absolute temperature. Fig. 25 is a nomograph 

showing change of cavity tuning relative to conditions at 25 degrees 

centigrade and 60 percent relative humidity (expansion is not included). 


Coupling to cavities and loaded Q 


Near resonance, a cavity may be represented as a simple shunt-resonant 
circuit, characterized by a loaded Q 


! | ] 
Qi fr Co is Qext 


where Qy is the unloaded Q characteristic of the cavity itself, and 1/Qoext 
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Resonant cavities continued 


Af in relative 


percent humidity 
Vv Vv 
100 
+0.0l -10 
0 
“90. 
© 
o 
80 
ap poe 
-20 eo 
-_ oi 
- 0.0 -_ TO 
-40 - - 
-_ 
-_ 
- 0 
ano ® 
te 60 
Le 
- 
-0.02 
e 
CS 
» oe ae 50 
o_o 
we Hee 
© 
-0.03 Ts 
e 40 
30 
-0.04 
20. 
-0.05 
10 
-0.06 Q 


Reprinted from ‘Techniques of Microwave Measurements,'’ by Carol G, 
Montgomery, Ist ed., 1947; by permission, McGraw-Hill Book Co., N. Y. 


Fig. 25—Effect of temperature and humidity on cavity tuning. 
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Resonant cavities = continued 


is the loading due to the external circuits. The variation of Q,,, with size 
of the coupling is approximately as follows: 


coupling | 1/Qext is proportional to 
Small round hole (diameter) ® 
Symmetrical inductive diaphragm (6)4 see Fig. 17 
Small loop (diameter) 


Summary of formulas for coupling through a cavity 


In Fig. 26 are summarized some of the useful relationships in a 4-terminal 
cavity (transmission type) for three conditions of coupling: matched input 
linput resistance at resonance equals Zo of input line), equal coupling 
(1/Qin = 1/Qout), and matched output (resistance seen looking into output 
terminals at resonance equals output-load resistance). A matched generator 
is assumed. 


Fig. 26—Coupling through a cavity. 


| matched input | equal coupling | matched output 
1 ‘ 
Input standing- | | oe ees ) 1 + 29 
wave ratio 1+ 9, - Je 
Transmission Vmigh 2112p Wet 9! f254 == A ipl te HoldTh = ihy2e 
ratio = T 
go _1—T ge <i ge 1—T 
Qi Qo = 2o7 Nabe Witold E — ns Pe Sa a eee 
ee Ge 5. 2 TE em ra 21+9) 2 


In Fig. 26, g2 is the apparent conductance of the cavity at resonance, with no 
output load; the transmission T is the ratio of the actual output-circuit power 
delivered to the available power from the matched generator. The loaded 
Q is Q; and unloaded Q is Qo. 


Cavity coupling techniques* 


To couple power into or out of a resonant cavity, either waveguide or 
coaxial, loops, probes, or apertures may be used. 


The essentially inductive loop (a certain amount of electric-field coupling 
exists) is inserted in the resonator at a desired point where it can couple 
to a strong magnetic field. The degree of coupling may be controlled by 
rotating the loop so that more or less loop area links this field. For a fixed 
location of the loop, the loaded Q of a loop-coupled coaxial resonator 


BC. Montgomery, D. Dicke, and E. Purcell, ‘Principles of Microwave Circuits,” McGraw-Hill 
Book Company, Incorporated, New York, N. Y.; 1948: chapter 7. 
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Resonant cavities continued 
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varies as the square of the effective loop area and inversely as the square 
of the distance of the loop center from the resonator axis of revolution. 


The off-resonance input impedance of the loop is low, a feature that some- 
times is helpful in series connections. 


The capacitative probe is inserted in the resonator at a point where it is 
parallel to and can couple to strong electric fields. The degree of coupling 
is controlled by varying the length of the probe relative to the electric field. 


The off-resonance input impedance of the probe-coupled resonator is high, 
which property is useful in parallel connections. 


Aperture coupling is suitable when coupling waveguides to resonators or in 
coupling resonators together. In this case, the aperture must be located and 
shaped so as to excite the proper propagating modes. 


For all means of coupling, the input impedance at resonance and the loaded 
Q may be adjusted by proper selection of the point of coupling and the 
degree of coupling. 


Simple waveguide cavity* 


A cavity may be made by enclosing a section of waveguide between a pair 
of large shunt susceptances, as shown in Fig. 27. Its loaded Q is given by 


Q; = £ 0A,/d)? (b4 + 4b?) tan! (2/b) 


Fig. 27—-Waveguide cavity and equivalent circuit. 


‘and the resonant guide wavelength Xgo is obtained from 
Qmr1/Xgq = tan (2/b) 


* G. L. Ragan, “Microwave Transmission Circuits,"" McGraw-Hill Book Company, Incorporated, 
New York, N. Y.; 1948: chapter 10. 
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Resonant cavities continued 
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Resonant irises 


Resonant irises may be used to obtain low values of loaded Q(< 30). The 
simplest type is shown in Fig. 28. It consists of an inductive diaphragm and a 
capacitive screw located in the same plane across the waveguide. For 
Q; < 50, the losses in the resonant circuit may be ignored and 


1/Qi a 1/Qext 


To a good approximation, the loaded Q (matched load and matched 
generator) is given by 


Q, = (B,/2Y o) (Ago/ A)? 


_ where B; is the susceptance of the inductive 
diaphragm. This value may be taken from 
charts such as Figs. 17 and 18 as a starting 
point, but because of the proximity of the 
elements, the susceptance value is modified. 
Exact Q’s must be obtained experimentally. 


Le: >| 
Ni 


rom 


Other resonant structures are given in Figs. MMM 

2? and 30. These are often designed so that Fig. 28—Resonant tris in 
the capacitive gap will break down under waveguide. The capacitive 
. . screw is tuned to resonance 
high power levels for use as_ transmit- aut ae Pitticune Saike 


receive (tr) switches in radar systems. phragm. 


ee ZS. SOSH 
aa 29—Resonant element 
consisting of an oblong 


Gperture in a thin trans- 
verse diaphragm. 


im bia taki ales ln 


Fig. 30—Resonant struc- 
fure consisting of cones 
with capacitive gap be- 
tween apexes with thin 
symmetrical inductive dia- 
phragm. 
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m@ Scattering matrixes 


Microwave structures are characterized by dimensions that are of the order 
of the wavelength of the propagated signal. The notions of current, voltage, 
and impedance, useful at lower frequencies, have been successfully extended 
to these structures, but these quantities are not as directly available for 
measurement: there are no voltmeters or ammeters and no apparent 
‘terminal pair’ between which to connect them. The electromagnetic field 
itself, distributed throughout a region, becomes the relevant quantity. 


Within uniform structures, which are the usual form of waveguides, the 
power flow and the phase of the field at a cross section are the quantities 
of importance. The most usual form of measurement, that of the standing- 
wave pattern in a slotted section, is easily interpreted in terms of traveling 
waves and gives directly the reflection coefficient. The scattering description 
of waveguide junctions was introduced™ to express this point of view. It is 
not, however, restricted to microwaves; a low-frequency network can be 
considered as a “waveguide junction” between transmission lines? con- 
nected to its terminal pairs and the scattering matrix is a useful complement 
to the impedance and admittance descriptions. 


Amplitude of a traveling wave 


In a uniform waveguide, a traveling wave is characterized, for a given 
mode and frequency, by the electromagnetic-field distribution in a transverse 
cross section and by a propagation constant h. The field in any other cross 
section, at a distance z in the direction of propagation, has the same pattern 
but is multiplied by exp (—jhz). A wave propagating in the opposite direc- 
tion, for the same mode and frequency, varies with z as exp (jhz). When 
losses are negligible, h is real. 


The amplitude of a traveling wave, at a given cross section in the wave- 
guide, is a complex number a defined as follows. The square |a?| of the 
magnitude of a is the power flow, that is, the integral of the Poynting vector 
over the waveguide cross section. The phase angle of a is that of the 
transverse field in the cross section.§ 


* C. G. Montgomery, R. H. Dicke, E. M. Purcell, “Principles of Microwave Circuits," McGraw- 
Hill Book Company, Inc., New York, N. Y.: 1948. 


ft Transmission lines are in fact considered as special cases of waveguides: see, “IRE Standards 
on Antennas and Waveguides: Definitions of Terms, 1953," The Institute of Radio Engineers, Inc.; 
New York, N. Y.: 1953. Published in Proceedings of the IRE, vol. 41, pp. 1721-1728; December, 
1953. 


t The amplitude is sometimes defined to make the power flow equal to $]a|[? rather than 
to |a|2. This would correspond to the use of peak values instead of root-mean-square values, 


§ This phase is well defined for a pure mode, since the field has the same phase everywhere 
in the cross section. 
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Amplitude of a traveling wave continued 


The amplitude of a given traveling wave varies with z as exp(—jhz). 


The wave amplitude has the dimensions of the square root of a power. 
The meter—kilogram—second unit is therefore the (watt) !/2, 


Reflection coefficient 
ERS CTR TRO TVS ORES TE 


Definition 


At a cross section in a waveguide, the reflection coefficient is the ratio of 
the amplitudes of the waves traveling respectively in the negative and the 
positive directions. 


The positive direction must be specified and is usually taken as toward the 
load. To give a definite phase to the reflection coefficient, a convention 
is necessary that describes how the phases of waves traveling in opposite 
directions are to be compared. The usual convention is to compare in the 
two waves the phases of the transverse electric-field vectors.” 


For a short-circuit, produced, for instance, by a perfect conducting plane 
placed across the waveguide, the reflection coefficient is W = —1. For 
an open-circuit, it is W = +1 and for a matched load, W = 0. 


When the cross section is displaced by z in the positive direction, the 
reflection coefficient W becomes 


W’ = W exp (2jhz) (1) 


Measurement 


In a slotted waveguide equipped with a sliding voltage probe, the position 
of a maximum is one where the phase of the reflection coefficient is zero. 


The ratio of the maximum to the minimum (the standing-wave ratio or swr) 
is 

(iswr) = (1 + |WI|)/0 — |W) 

Therefore, 


W = [(swr) — 1]/[(swr) + 1] | (2) 


is the value of W at the position of a maximum. At the position of a minimum, 


* The dual convention, based on the magnetic-field vector, would give the “current” reflection 
coefficient, equal to minus the “voltage” reflection coefficient. The latter is used almost 
exclusively and the "voltage”’ qualification is implicit. 


TA probe that gives a reading proportional to the electric field. 
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Reflection coefficient = continued 


which is easier to locate in practice, the reflection coefficient is [1 — (swr)]/ 


[1] + (swr)]. 


At any other position, the value of W is obtained by applying (1). If the 
reflection coefficient is wanted in some waveguide connected to the slotted 
section, a good match must obtain at the transition or a correction must 
be applied as explained in problems a and b below, pages 654-655. 


Scattering matrix of a junction 
LESS SEAL LE AT A EIN TT TET) 


- Definition 


To define accurately the waves incident on a waveguide junction and those 
reflected lor scattered) from it, some reference locations must be chosen 
in the waveguides. These locations are called the ports* of the junction. 
In a waveguide that can support several propagating modes, there should 
be as many ports as there are modes. (These ports may or may not have 
the same physical location in the multimode waveguide.) 


At each port i of a junction, consider the amplitude a; of the incident 
wave, traveling toward the junction, and the amplitude b; of the scattered 
wave, traveling away from it. As a consequence of Maxwell's equations, 
there exists a linear relation between the b; and the a;. Considering the a; 
(where i varies from 1 to n) as the components of a vector @ and the b; as 
the components of a vector b, this relation can be expressed by 


b=Sa 
where S = (s;;) isann X n matrix called the scattering matrix of the junction. 


The si is the reflection coefficient looking into port i and s,; is the transmission 
coefficient from j ta i, all other ports being terminated in matching im- 
pedances. 


Properties 


For a reciprocal junction, the transmission coefficient from i to j equals 
that from j to i; the matrix S is symmetrical, 


SiS 


where § denotes the transpose of S. 


* At lower frequencies, for a network connecting transmission lines, a port is a terminal pair. 
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The total power incident on the junction is 
t=n 

lal? = )' |a;|? 
{=1 


The total power reflected is 
{=n 


|b]? = } [b:|? 

{=1 
For a lossless junction, these two powers are equal, 
la]? = |b|? 
This implies that the matrix $ is unitary (see page 1092): 
sj = S71 


For a passive junction with losses, |b|? < |a|? and hence the matrix 
1 — SS} is definite positive (see page 1094). 


Change of terminal plane 


If the port in arm i is moved away from the junction by ¢; electrical radians, 
the scattering matrix becomes 


S’ = oS® (5) 
where 
exp( —j¢)) 0 0 0 
0 exp ( —Jdo) 0 a ee 
> = (6) 
0 0 exp ( —jd3) 0 


Two-port junctions 


The two-port junction includes the case of an obstacle or discontinuity 
placed in a waveguide as well as that of two essentially different wave- 
guides connected to each other. 
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Two-port junctions continued 


If reciprocity applies, the scattering matrix 


pees (7) 
S21 S22 

is symmetrical: 

S21 = S12 

For a lossless junction, the scattering coefficients can be expressed by 

Si1 = + tanh (u/2) exp (—2ja) 

Seg = — tanh (u/2) exp ( —2j8) (8) 

Sig = + sech (u/2) exp [—jla + B)] 

in terms of three real parameters, u, a, and B. 


This corresponds to the representation of the junction by an ideal trans- 
former with transformer ratio n = exp (—u/2), of hyperbolic amplitude u, 
placed between two sections of transmission line with electrical lengths 
a and £, respectively. 


The quantity —20 logio |si2| is the insertion loss. 


Transformation matrix 


For the purpose of finding the effect of successive obstacles in a wave- 
guide or of combining two-port junctions placed in cascade, it is convenient 
to introduce the wave transformation matrix T. 


This matrix T relates the traveling waves on one side of the junction to 
those on the other side. Using the notations of Fig. 1, 


Ai Ae M a 
' 2 
ms ere one 
ae 4 — S 
By Bs 
' 2 
input output 


The 2 X 2 transformation matrix T 
may be deduced from the scatter- 
ing matrix $ 

l — S22 


Baca 


Fig. 1—Convention for wave transformation 
matrix T. 


(10) 


SCATTERING MATRIXES 649 


Transformation matrix continued 


Conversely, if T = (ty), the scattering matrix is, 


toy det T 
= — (11) 


S112 

When reciprocity applies to the junction, 

det T = sio/sa (12) 
becomes unity. 


The input reflection coefficient W’ = B,/A; is related to the load reflection 
coefficient W = B2/A2 by 


t too W es A an 0, 4 
Ww’ = ter 1 faa W (13) | : ' 
ti ++ tie W | 
ek Ce 8 Poe mere 8 ba ae 
aed a Ti ‘Saelh Fig. 2—Junctions in cascade. 


When a number of junctions 1, 2, 3, are placed in cascade (Fig. 2), the 
output port of each of them being the input port of the following one, the 
resulting junction has the transformation matrix 


T = T,T.Ts; 


If n similar junctions with transformation matrix T are cascaded, the resulting 
transformation matrix is T”. 


Letting trace T = ty, + tee = 2cos 0 


eee AT. into =e a5 
sin 8 sin 0 


(see page 1097). 


Measurement of the scattering matrix * 
LRTI SRT RS i ARES NE ALIS TB AT RTS ERTS SEIT IE 


A slotted line is placed on side / of the junction (see Fig. 3). For any load with 


*G. A. Deschamps "Determination of the Reflection Coefficients and Insertion Loss of a 
Waveguide Junction,” Journal of Applied Physics, vol. 24, pp. 1046-1050; August, 1953; Also, 
Electrical Communication, vol. 31, pp. 57-62; March, 1954. 
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Measurement of the scattering matrix continued 


reflection coefficient W, placed on side 2, the input reflection coefficient 
W’ can be measured. W’ is called the image of W. The images of various 
known loads can be plotted on a reflection chart and the scattering co- 
efficients deduced by the following procedures. 


a. With a matched load, one obtains directly si; plotted as 0’ on Fig. 4. 
0’ is called the iconocenter. 


b. With a sliding short-circuit on side 2, or any variable reactive load, the 
input reflection coefficient describes a circle I’, image of the unit circle 
I. This circle can be deduced from 3 or more measurements. Let C be its 
center and R its radius (Fig. 4). The magnitudes of the scattering coefficients 
result: 


[saa| =O detector 

| soe | =I) GP (16) banerater .. 
ie 

[sie]? = Role | soo |?) slotted line ir 


Fig. 3—Slotted-line set-up for scattering- 


The phases of these coefficients all penalty cle hare Gail 


follow from one more measurement 


c. The input reflection coefficient is measured with an open-circuit load 
placed at port 2, or for a short-circuit placed a quarter-wave away from 
it. This may be one of the measurements taken in step b. It gives the point 
P’, image of the point P (W = + 1.) 


A point P’”’ is constructed by projecting P’ through O’ onto Q on I”, then 
Q through C onto P” on I” (Fig. 5). Then, 


Fig. 4—Construction for the magnitudes of | Fig. 5—Construction for the phases of the 
the scattering coefficients. scattering coefficients. 
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Measurement of the scattering matrix continued 


Phase of s13 = angle (OP, OO’) 
Phase of sex = angle (O’C, CP”) (17) 
Phase of siz = 4 angle (OP, CP”) 


d. Whenno matched load is available, as was assumed in a, the iconocenter 
O’ may be obtained as follows. Let Pi, Ps, Ps, Ps represent the input reflection 
coefficients when a short-circuit is placed successively at port 2 and at 
distances \/8, \/4, and 3d/8 from it. These points define the circle I’ 
(as in b) and the intersection J (the crossover point) of PiP3 and PoP, may be 
used to find O’: draw perpendiculars to CJ at points C and J up to their 
intersections with I” at C’ and J’; then O’ is the intersection of Cland 
C’l’ (see Fig. 6). 


Fig. 6—Determination of 0’ from 4 mea- Fig. 7—Use of circles I” and I’ for deter- 
surements. mination of 0’, 


The point P3 is identical to P’ in c above, hence the 4 measurements give 
the complete scattering matrix by constructing P’” and applying (16) and 
(17). 


e. The construction of 0’ in d above is valid with any sliding load not 
necessarily reactive. Taking a load with small standing-wave ratio increases 
the accuracy of the construction. 


f. When exact measurements of the displacements of the sliding load are 
difficult to make; for instance if the wavelength is very short; the point 
O’ may be obtained as follows. Using a reactive load, construct the circle 
T’ as in b above, then using a sliding load as in e above, construct a circle 
T”’, (see Fig. 7). The iconocenter O’ is the hyperbolic midpoint of the 
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diameter of I” (through C) with respect to I’. It may be constructed by 
means of the hyperbolic protractor™ (page 653), or by means of the dotted- 
line construction (Fig. 7). 


Geometry of reflection charts 


The following brief outline is complemented by the section on hyperbolic 
trigonometry on pp. 1050 to 1055. 


Conformal chart 


A reflection coefficient can be represented by a point in a plane just as 
any complex number is represented on the Argand diagram. 


The passive loads, |W| <1, are represented by points inside a unit 
circle I’. Inside this circle, the lines of constant resistance and reactance 
may be drawn (Smith chart) or the lines of constant magnitude and phase 
of the impedance (Carter chart). 


The transformation from a load reflection coefficient W to its image W’ 
through a two-port junction, is bilinear, formulas (13) or (14). On the 
reflection chart, this transformation maps circles into circles and preserves 
the angle between curves and the cross ratio of 4 points: if 


Wi, — W Wi oA 
LWW Weal mot eee eae eee 
Wi a W4 Wo = Ws 

denotes the cross ratio of 4 reflection coefficients, Wi, We, W3, and W4, 
then 


[W’ ly W’>, W's, WwW’4] = [W,, We, Ws, Wa] 


The transformation through a lossless junction preserves also the unit circle 
T and therefore leaves invariant the hyperbolic distance defined on p. 1050. 
The hyperbolic distance to the origin of the chart is the mismatch, i.e., the 
standing-wave ratio expressed in decibels: it may be evaluated by means of 
the proper graduation on the radial arm of the Smith chart. For two arbitrary 
points Wi, We, the hyperbolic distance between them may be interpreted 
as the mismatch that results from the load We seen through a lossless net- 
work that matches W, to the input waveguide. 


* G. A. Deschamps, “Hyperbolic Protractor for Microwave Impedance Measurements and 
Other Purposes," International Telephone and Telegraph Corporation, 67 Broad Street, 
New York 4, N. Y.; 1953. 
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Geometry of reflection charts continued 
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Projective chart 
The reflection coefficient W is represented by the point Wa (Fig. 8) on the 
same radius of the circle I’ but at a distance 


SW = (18) 


from the origin. 


This is equivalent to using the standing-wave 
ratio squared instead of the direct ratio: 


Fig. 8—Representation of a re- 


wi wy AG flection coefficient by W on a 
wr” (wi cadet ek 


The transformation (13),(14), when the junction is lossless, is represented 
on this chart by.a projective transformation; i.e., one that maps straight 
lines into straight lines and preserves the cross ratio of four points on a 
straight line. It therefore preserves the hyperbolic distance defined on 
p. 1050. 


Evaluation of hyperbolic distance 


On the projective chart, the hyperbolic distance (AB) between two points 
A and B inside the circle I’ can be evaluated by means of a hyperbolic 
protractor as shown in Fig. 9. The line AB is extended to its intersections 
I and J with TI. The protractor is placed so that the sides OX,OY of the 
right angle go through J and J. (This can be done in many ways but does 
not affect the result.) The numbers read on the radial lines of the protractor 
going through A and B respectively, are added if A and B are on opposite 
sides of the radial line marked O; subtracted otherwise: This result divided 
by 2 is the distance (AB). In Fig. 9, for instance, 


(AB) = 4 (12 + 4) = 8 decibels. 
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Evaluation of hyperbolic distance continued 
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Fig. 9—Definition and evaluation of hyperbolic distance (AB) using hyperbolic protractor. 


Problem a 


A slotted line with 100-ohm characteristic impedance is used to make 
measurements on a 60-ohm coaxial line. The transition acts as an ideal 
transformer. Find the reflection coefficient W of an obstacle placed in the 
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coaxial line, knowing that it produces a reflection coefficient 
W’ = 0.5 exp (jx/2) 
in the slotted line. 


A match in the coaxial line appears in the slotted line as a normalized 
impedance of 0.6, hence the mismatch (standing-wave ratio in decibels) 
is 4.5 decibels. The corresponding point O’ is plotted on the projective 
chart as in Fig. 10 at the distance (OO’) = 4.5. (On the Smith chart drawn 
inside the same unit circle I’, the point would be O’.) 


The point Ww’ representing the 
unknown load is plotted at the 
hyperbolic distance 


biz 0:5 
1-05 


20 logio = 9.5 decibels 


from the origin in the direction (+1) 
+ 90°. The hyperbolic distance 


(O'W’) = 11 decibels 

is measured with the protractor. 
This is the mismatch produced 
by the obstacle in the coaxial 


line. It corresponds to a moG; Fig. 10—Measurement of reflection coefficient 
nitude of the reflection co- with a mismatched slotted line. 


efficient of 0.56. 


The phase of this reflection coefficient is the elliptic angle (O'P, Ow’) 


It is evaluated as explained on p. 1051: extend QO’ up to Ron I’ and measure 
the arc 


eRe 56°, 
The answer i 


W = 0.56 /56° 


Problem b 


If the transition between the slotted line and the waveguide is not an ideal 
transformer as in problem a, its properties may be found by the method 
described on p. 650. In particular, if the transition has no losses (the circle 
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Problem b continued 


I’ coincides with T), the point O’ may be found as in a, d, e, or f above, the 
point P’ as inc or d above, and this completes the calibration. 


For any load placed in the waveguide and producing the reflection coef- 
ficient W’ in the slotted line, the corrected standing-wave ratio in decibels 
is the hyperbolic distance [O’W’]. This is evaluated by constructing O’,W’ 


on the projective chart and measuring (O’W’) with the protractor. The 
phase angle is the elliptic angle (O’P’,O’W’) (see page 1051). 


Problem c 


{ 


A section of coaxial line 90 electrical degrees in length and with 100-ohm 
characteristic impedance is inserted between a 50-ohm coaxial line on one 
side and a 70-ohm coaxial line on the other (Fig. 11). Find the transformer 
ratio n = exp (-u/2) and the electrical lengths a, B of the representation 
(8), p. 648. 


<a—— 90°—$ 


IIZZZLL LLL 
50 ohms 


70 ohms 
{00 ohms 


Fig. 11—Solution for transfor- 
mation in transmission line. 


The two discontinuities are assumed to act as ideal transformers with 
hyperbolic amplitudes 


20 logio = = 6 decibels = 0.67 neper 


and 


20 logio = = —3.1 decibels = —0.36 neper 
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Problem c continued 
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The characteristic polygon* on the projective chart is a triangle OAO’ 
wi h right angle A; hence, u = (OO’) is given by 


cosh u = cosh 0.69 cosh 0.36 


u = 0.78 neper = 6.8 decibels 
n = exp (—u/2) = 1/1.48 


The length of line @ and B can be deduced from evaluating the elliptic 
angles (OA,OO’) = a and (0’A,O’O) = b 


167°6 60°.8 
he UE 
sinh 0.69 


1.48:1 
prea 24.7 ies 
Fig. 12—Equivalent circuit for Fig. 11. 
tan b = ua = 1.62 
sinh 0.36 
b = 58°.4 


a = 3 (360° — 24°7) = 167.6° 
B = 3 (180° — 58°.4) = 60.8° 


The resulting equivalent network is shown in Fig. 12. It could also have 
been obtained by geometrical evaluation of the distance (OO’) with the 
hyperbolic protractor and of the elliptic angles a and b by constructions 
as described on pp. 653 and 1051. 


Correspondances with current, voltage, and impedance viewpoint 
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Normalized current and voltage 


In a waveguide, at a point where the amplitudes of the waves traveling 
in the positive and negative directions are respectively a and b, the normal- 
ized voltage v and the normalized current i are defined by 


y= b 
Bt (20) 


r=a-—b 


*G. A. Deschamps, “Hyperbolic Protractor for Microwave Impedance Measurements and 
Other Purposes,” International Telephone and Telegraph Corporation, New York 4, 
N. Y.; 1953: pp. 15-16 and p. 41. 
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Correspondances with current, voltage, 
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and impedance viewpoint continued 
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The net power flow at that point in the positive direction is 


|a|? — |b|? = re vi* (21) 


Current and voltage not normalized 


A more-general definition for current and voltage becomes possible when 
a meaning has been assigned to the characteristic impedance Zo of the 
waveguide 


V = vZ 1/2 
ji — iY 91/2 


(22) 


where Yo = 1/Zo is the characteristic admittance and v and i are the 
normalized values defined above. 


Conversely, if by some convention the voltage lor the current) has been 
defined, a characteristic impedance will result from (22). This is the case 
for a two-conductor waveguide supporting the TEM mode: the characteristic 
impedance is the ratio of voltage to current in a traveling wave. 


If V and J are the voltage and the current at a point in a waveguide of 
characteristic impedance Zp = 1/Yo, the amplitudes of the waves traveling 
in both directions at that point are 


(VY ql? + JZ?) 


1 
Zz 
4 (VY 91/2 ple) IZ,1!?) 


a 


b 


(23) 


Normalized impedance and admittance 


At a point in a waveguide, the normalized impedance is Z = v/i and the 
normalized admittance is the inverse, Y = 1/Z. 


They are related to the reflection coefficient W = b/a by 


Z=(+W)/0l —- Ww) 
Y=(1-W/u0+w 


(24) 


hence 


W= (1 —YI/0 + Y) = (Z —D/(Z +1) (25) 
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Correspondances with current, voltage, 
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and impedance viewpoint continued 
ST LE IE TIS IY IC RRS 9 SELIG TE YO BL TEE TY. 


Impedance and admittance matrix of a junction 


The Z and Y matrixes of a junction are defined in term of the scattering 
matrix $ by 


Y= (1 -S) (14+ §)7 
Z= (1+ S$) (1 — §)7 


(26) 
The matrixes Y and Z do not always exist since $ may have eigenvalues 
+1 or —1, which means that det (1 — S$) or det (1 + S$) may be zero. 
Conversely, 
Ss (1 —-Y) 14+ WY! =(Z -1) (Z+) (27) 
These formulas may be used as definitions for the scattering matrix of 
lumped-constant networks with n terminal pairs. This is equivalent to con- 
sidering the network as a junction between n transmission lines of unit 
characteristic impedance. 


If the network or the junction is reciprocal, Y and Z are purely imaginary. 


For a two-port junction, (26) becomes 


1 —det S+ (soo — $3) —2s19 
ie dont) —2s01 ] —det$— (soo — $11) 
and 
+S 1 1 —det $ — (see —s1)) 2512 
Mis” dettl—si oe 
™ 3 2591 ] —det S+ (soo —$})) 


det (1 + S)=1-+tr $+ det Ss = | + (sir + Soe) + (siise2 — $12”) 


det (1 = S) 1 —tr S +- det S =|] — (si -f- S29) + (s31S92 — $12”) 


The matrixes Y and Z relate normalized voltages and currents at both 
ports (Fig. 13) as follows 
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Correspondances with current, voltage, 


and impedance viewpoint continued 


V1 j 1 4 te ; ig 
eh Z J : = 
cab v, ar junction <a Vp 

: A A 


Fig. 13—Sign convention for 


. V1 defining the impedance and 
= Y admittance of a 2-port junc- 
is Vo tion. | 


Transformation matrix 


A transformation matrix useful for composing two-port junctions in cascade 
relates the voltage and current on one side of the junction to the same 
quantities on the other side. With the notation in Fig. 14, : 


a y i’ é 


=U (30) — =o 
Hails salah 7 . F | ieetin [7 


The matrix U sometimes called the ABCD matrix, vette gaa:at an om 


has the same properties as T described above. by the transformation matrix. 


For a series element with normalized impedance Z, 


Lee, 
U = 
Ose 


and for a shunt element with normalized admittance Y, 


A product of matrixes of these types gives the transformation matrix for any 
ladder network. 


For the shunt-element Y, the scattering matrix is 


—Y 2 


rie lig sala aoa (31) 
2+ Y 9 _y 
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Transformation matrix continued 


hence, 
$11 = S22 
(32) 
sic = ] + Sil 
For the series-element Z, the scattering matrix is 
A 2 
are (33) 
2+2Z 9 Z 
hence, 
S11 = S22 
(34) 


Se = 1 —sy 


Relations (32) and (34) are characteristic, respectively, of a shunt and a 
series obstacle in a waveguide. 


The matrix T can be deduced from U and vice versa: 


nol 
I 

bales 
Cc 


U11 + U12 + Ua1 + U2e2 U11 — U1eg + U21 — U22 
2 (35) 


Ui1 + RID) a OW eae UID: OS Vena Cn San + U22 


A similar formula will transform T into U, since 


eee | eld 9 
U =} T (36) 
Og td es 
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@ Antennas 
The elementary dipole 


Field intensity* 


The elementary dipole forms the basis for many antenna computations. 
Since dipole theory assumes an antenna with current of constant magnitude 
and phase throughout its length, approximations to the elementary dipole 
are realized in practice only for antennas shorter than one-tenth wave- 
length. The theory can be applied directly to a loop whose circumference is 
less than one-tenth wavelength, thus forming a magnetic dipole. For larger 
antennas, the theory is applied by assuming the antenna to consist of a large 
number of infinitesimal dipoles with differences between individual dipoles 
of space position, polarization, current magnitude, and phase corresponding 
to the distribution of these parameters in the actual antenna. Field-intensity 
equations for large antennas are then developed by integrating or otherwise 
summing the field vectors of the many elementary dipoles. 


The outline below concerns electric dipoles. It also can be applied to mag- 
netic dipoles by installing the loop perpendicular to the PO line at the 
center of the sphere in Fig. 1. In this case, vector h becomes e, the electric 
field; €, becomes the magnetic tangential field; and €e, becomes the radial 
magnetic field. 


Fig. 1—Electric and 
magnetic components 
in spherical coordinates 
for electric dipoles. 


In the case of a magnetic dipole, the table, Fig. 2, showing variations of the 
field in the vicinity of the dipole, can also be used. 


For electric dipoles, Fig. 1 indicates the electric and magnetic field compo- 
nents in spherical coordinates with positive values shown by the arrows. 


* Based on R. Mesny, “Radio-Electricité Générale,” Etienne Chiron, Paris, France; 1935. 
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The elementary dipole continued 


r = distance OM w = 2nf 
@ = angle POM measured ngen 
from P toward M leva 
I = current in dipole c = velocity of light (see page 35) 
A = wavelength tetlypeont 
f = frequency 1 = length of dipole 


The following equations expressed in meter—kilogram—second units (in 
vacuum) result: 


-30/NI cos 6 : 
re (cos v — ar sin v) 
rT r 
OMNI si 
Re IO lar sin vat cos Vv (1) 
Qn r3 
Pevasin 0... 
h = + — ]] — (sin v — ar cos v) 
Ar r? 


Fig. 2—Variations of fleld in the vicinity of a dipole. 


mee pa i/or | Ap” | ge | At | oo | An | oh 

0.01 15.9 4,028 3°.6 | 4012 3°.6 253 93°.6 
0.02 7.96 508 792 500 73 64.2 97° 
0.04 3.98 65 14°} 61 15°.0 16.4 104°.1 
0.06 2.65 19.9 7. 17.5 23°.8 7.67 110°.7 
0.08 1.99 8.86 65:2. 712 33°.9 4.45 116°.7 
0.10 1.59 4.76 32°,1 3.52 45°.1 2.99 1227.1 
0.15 1.06 1.66 49°53 1.14 83°.1 1.56 132°.3 
0.20 0.80 0.81 §1°.5 0.70 114°.0 1.02 141°.5 
0.25 0.64 0.47 57°.5 0.55 133°.1 0.75 147°.5 
0.30 0.56 0.32 62°.0 0.48 143°.0 0.60 152°.0 
0.35 0.45 0.23 65°.3 0.42 150°.1 0.50 155°.3 
0.40 0.40 0.17 68°.3 0.37 154°.7 0.43 158°.3 
0.45 0.35 0.134 70°.5 0.34 158°.0 0.38 160°.5 
0.50 0.33 0.106 7203 0.30 160°.4 0.334 162°.3 
0.60 0.265 0.073 7574 0.26 164°.1 0.275 165°.1 
0.70 0.228 0.053 F7LA 0.22 166°.5 0.234 167°.1 
0.80 0.199 0.041 Td. 0.196 168°.3 0.203 168°.7 
0.90 0.177 0.032 80°.0 0.175 169°.7 0.180 170°.0 
1.00 0.159 0.026 80°.9 0.157 17007 0.161 170°.9 
1.20 0.133 0.018 82°.4 0.132 172°.3 0.134 172°.4 
1.40 0.114 0.013 83°.5 0.114 173°.5 0.114 173°.5 
1.60 0.100 0.010 84°.3 0.100 174°.3 0.100 17453 
1.80 0.088 0.008 84°.9 0.088 174°.9 0.088 174°.9 
2.00 0.080 0.006 85°.4 0.080 175°.4 0.080 175°.4 
2.50 0.064 0.004 86°.4 0.064 176°.4 0.064 176°.4 
5.00 0.032 0.001 88°.2 0.032 178°.2 0.032 178°.2 


Ar = coefficient for radial electric field An = coefficient for magnetic field 
A: = coefficient for tangential electric dr, bt, bh = phase angles corresponding 
field to coefficients 
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The elementary dipole continued 


These formulas are valid for the elementary dipole at distances that are 
large compared with the dimensions of the dipole. Length of the dipole must 
be small with respect to the wavelength, say //A < 0.1. The formulas are 
for a dipole in free space. If the dipole is placed vertically on a plane of 
infinite conductivity, its image should be taken into account, thus doubling 
the above values. 


Field at great distance 


When distance r exceeds five wavelengths, as is generally the case in 
radio applications, the radial electric field ¢, becomes negligible with respect 
to the tangential field and 


e, = 0 ) 
e=— sil sin 6 cos (wt — ar) | 
\r (2) 
Et 
h= 
re 1207 


Field at short distance 


In the vicinity of the dipole (r/A < 0.01), ar is very small and only the first 
terms between parentheses in (1) remain. The ratio of the radial and 
tangential field is then 


— = — 2cot 6 


Hence, the radial field at short distance has a magnitude of the same order 
as the tangential field. These two fields are in opposition. Further, the ratio 
of the magnetic and electric tangential field is 


h rtanv 


Et 60X 


The magnitude of the magnetic field at short distances is, therefore, extremely 
small with respect to that of the tangential electric field, relative to their 
relationship at great distances. The two fields are in quadrature. Thus, at 
short distances, the effect of the dipole on an open circuit is much greater 
than on a closed circuit as compared with the effect at remote points. 
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The elementary dipole continued 


Field at intermediate distance 


At intermediate distance, say between 0.01 and 5.0 wavelengths, one should 
take into account all the terms of the equations (1). This case occurs, for 
instance, when studying reactions between adjacent antennas. To calculate 
the fields, it is convenient to transform the equations as follows: 


— 60a?/I cos 6 A, cos (v + ¢,) 


é- = 
€¢ = + 30a2/] sin 0 Az cos lv + ¢}) (3) 
h = — (1/4m)a2/I sin 6 Ay cos \v + op) 
where 
V1+ (ar)? 
A; = ———.—_ tan ¢, = ar 
(ar) 8 
“Va ee 2 4 
NAN cial cot ¢, = — — ar (4) 
(ar) ar 
W/ tel lal? 
Sg ean cot ¢d, = — ar 
(arr)? 


Values of A's and ¢'s are given in Fig. 2 as a function of the ratio between 
the distance r and the wavelength A. The second column contains values of 
1/ar that would apply if the fields e, and h behaved as at great distances. 


Linear polarization 


An electromagnetic wave is linearly polarized when the electric field lies 
wholly in one plane containing the direction of propagation. 


Horizontal polarization: Is the case where the electric field lies in a 
plane parallel to the earth's surface. 


Vertical polarization: Is the case where the electric field lies in a plane 
perpendicular to the earth's surface. 


E plane: Of an antenna is the plane in which the electric field lies. The 
principal E plane of an antenna is the E plane that also contains the 
direction of maximum radiation. 


H plane: Of an antenna is the plane in which the magnetic field lies. 
The H plane is normal to the E plane. The principal H plane of an antenna 
is the H plane that also contains the direction of maximum radiation. 
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Elliptical and circular polarization 
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Definitions 


A plane electromagnetic wave, at a given frequency, is elliptically polarized 
when the extremity of the electric vector describes an ellipse in a plane 
perpendicular to the direction of propagation, making one complete 
revolution during one period of the wave. More generally, any field vector, 
electric, magnetic, or other, is elliptically polarized if it's extemity describes 
an ellipse. 


Two perpendicular axes OX and OY are chosen for reference in the plane 
of the polarization ellipse, Fig. 3A. This plane is usually perpendicular to 
the direction of propagation. At a given frequency, the field components 
along these axes are represented by two complex numbers 


X | X | exp Ji 


(5) 


Y Y | exp Joe 


Amplitude of elliptically polarized field: E? = |X|? + |Y|2, so that the 
power density in free space for a plane wave is E?/2407. 


Axial ratio: The ratio r of the minor to the major axis of the polarization 
ellipse = OB/OA. 


Ellipticity angle: a = + tan™'r, where the sign is taken according to the 
sense of rotation. 


Orientation angle: The angle 8 between OX and the major axis of the 
polarization ellipse (indeterminate for circular polarization). 


Polarization of receiving antenna: For plane waves incident in a given 
direction, the polarization of the incident wave that, for a given amplitude, 
induces the maximum voltage across the antenna terminals. If this voltage 
is expressed as hE, then h is the effective length of the antenna for the given 
direction. 


Polarization ratio: The ratio P = Y/X, a complex number with phase 
y = ~2 — ¢1 and magnitude tan y = | Y | / | X |. 


Relative power received by an elliptically polarized receiving antenna 
as it is rotated in a plane normal to the direction of propagation of an 
elliptically polarized wave is given by 


(1 os 6 rire) 2 +- (ry + ro) 2 se (1 ae r”) (1 aia 9”) COs 20 


Puri 
(1) (+ 2%) 


(6) 
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where 


K = constant 

rm = axial ratio of elliptically polarized wave 

axial ratio of elliptically polarized antenna 

angle between the direction of maximum amplitude in the incident 
wave and the direction of maximum amplitude of the elliptically 
polarized antenna 


ey 
I 


> 
I 


The + sign is to be used if both the receiving and transmitting antennas 
produce the same hand of polarization. The (—) sign is to be used when 
one is left-handed and the other right-handed. 


- State of polarization is specified either by the polarization ratio P (angles 
y and ¢) or by the shape, orientation, and sense of the polarization ellipse 
(angles a and 8). 


Polarization charts 


Problems on polarization can be solved by means of charts similar to those 
used for reflection coefficients and impedances.* These charts may be 


Cc 


LA 5 


A 8B Cc 


Fig. 3—Polarization ellipse at A and representation at B of a state of polarization by a 
point on a sphere. 


related to the representation introduced in optics by H. Poincaré: The 
angles 2a and 28 are taken as the latitude and longitude of a point ona 


*V. H. Rumsey, G. A. Deschamps, M. L. Kales, and J. I. Bohnert, “Techniques for Handling 
Elliptically Polarized Waves with Special Reference to Antennas,” Proceedings of the IRE, 
vol. 39, pp. 533-552; May, 1951. 
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Elliptical and circular polarization continued 


sphere, Fig. 3B. Each state of polarization is thus represented by a single 
point on the sphere and vice versa. Linear polarizations correspond to 
points on the equator and the two circular polarizations respectively to 
the poles C and C’. If X represents linear polarization along the reference 
axis, M some arbitrary polarization, and L the linear polarization along 
the major axis of the ellipse, the spherical triangle XLM has the following 
properties 


XL = 26 
LM = 2a 
XM = 27 
Pieao90> 
X= 


From these come the following relations 


tan 28 = tan 2y cos ¢ 
sin 2a = sin 2y sing 


and (7) 


cos 2y = cos 2a cos 28 
tang = tan 2a csc 28 


which convert from y,g¢ (polarization ratio) to a,B (ellipse parameters) or 
vice versa. 


These relations can be solved graphically on a chart (Fig. 4) that is a map 
of the sphere obtained by projection from pole C’ on the plane of the 
equator.* The circles for constant g and constant y are shown. 8 is read 
on the rim and @ can be obtained by rotating the point about the center 
of the chart to bring it on the vy scale on the vertical diameter. A radial 
arm bearing the same graduations (standing-wave ratio and decibels) as 
on the Smith chart can also be used. Fig. 4 shows only the map of one 
hemisphere. Polarizations of the opposite sense can be plotted by consider- 
ing the projection as taken from the pole C. 


Example: Assume an axial ratio of 0.5 is measured with an angle of 15 
degrees between the maximum field and the reference axis. The intersection 
M of the radial line 6 = 15° and a circle corresponding to a = 265° 
(since tan 26.5° = 0.5) represents the measured polarization. This polariza- 


* This is a standard geographic projection. Chart H.O. Misc., No. 7736-1 having a 20-centimeter 
radius, may be obtained at nominal charge from the United States Navy Department Hydro- 
graphic Office, Washington 25, D. C. 
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Elliptical and circular polarization continued 
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tion can be considered to be produced by two similar radiators normal to 
each other, the ratio of whose currents is tan y = 0.56 (since the point 
lies on the y = 29° arc); the current in the radiator along the reference 
axis is larger and g = 69° ahead of the current in the other radiator. 


Voltage induced by wave of arbitrary polarization: If the polarization of 


orientation B 
of major axis 


0.9 5 : 
4 |08 | 06 0.4 0.2 0 
ploce on center © on circumference 


Oo 5 10 20 301° 
ratio in decibels 40 


Fig. 4—Projection used in solving polarization problems. The dashed lines and point M are 
the construction for the example given in the text. 
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Elliptical and circular polarization — continued 


the antenna is represented by the point M on the Poincaré sphere and that 
of the incident wave by N, the voltage induced is : 


hE cos 6 re: 


where 26 is the angular distance MN. On Fig. 4, the angle 26 can be ob- 
tained by the following construction. Plot the points M and N on a trans- 
parent overlay, rotate the overlay about the center O until the points M 
and N fall on the same ¢ circle, and read the difference between the y's. 


Measurement of wave polarization 


By comparing the signals received by a dipole oriented successively in the 
directions X and Y, the ratio |Y|/|X| representing the polarization of 
the wave is found. On Fig. 4, the point M is on a known y circle. To obtain 
another locus, compare the signals received with the same dipole oriented 
at 45° then 135° from OX. This gives a second circle that can be constructed 
as the first one with respect to points XY, then rotated by 90° by means of 
an overlay. 


If many measurements are to be taken, the two systems of y circles could 
be drawn in advance. This measurement leaves a sense ambiguity that can 
be resolved only by using receiving antennas with nonlinear polarization.* 


Vertical radiators 


Field intensity from a vertically polarized antenna 
with base close to ground 


The following formula is obtained from elementary-dipole theory and is 
applicable to low-frequency antennas. It assumes that the earth is a perfect 
reflector, the antenna dimensions are small compared with X, and the actual 
height does not exceed /4: 

The vertical component of electric field radiated in the ground plane, at 


distances so short that ground attenuation may be neglected (usually when 
D < 10N), is given by 


SUD F 
XD 


where 


E = field intensity in millivolts/meter 


* Other methods using the projective chart are described by G. A. Deschamps in “Hyperbolic 
Protractor for Microwave Impedance Measurements and other Purposes,” International 
Telephone and Telegraph Corporation, 67 Broad Street, New York 4, New York; 1953. 
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Vertical radiators continued 


I = current at base of antenna in amperes 
H. = effective height of antenna 

\ = wavelength in same units as H 

D = distance in kilometers 


The effective height of a grounded vertical antenna is equivalent to the 
height of a vertical wire producing the same field along the horizontal as 
the actual antenna, provided the vertical wire carries a current that is con- 
stant along its entire length and of the same value as at the base of the actual 
antenna. Effective height depends upon the geometry of the antenna and 
varies slowly with X. For types of antennas normally used at low and medium 
frequencies, it is roughly one-half to two-thirds the actual height of the 
antenna. 


For certain antenna configurations effective height can be calculated by the 
following formulas 


Straight vertical antenna: h < \/4 


ee 
asin (2rh/d) d 


where h = actual height 


Loop antenna: A < 0.001 \? 
H, = 2mnA/d- 
where 


A = meanrarea per turn of loop 
n = number of turns 


Adcock antenna 

H. = 2rab/X 

where 

a = height of antenna 


b = spacing between antennas 

In the above formulas, if H, is desired in meters or feet, all dimensions h, A, 
a, b, and X must be in meters or feet, respectively. 

Practical vertical-tower antennas 


The field intensity from a single vertical tower insulated from ground and 
either of self-supporting or guyed construction, such as is commonly used 
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Vertical radiators continued 


for medium-frequency broadcasting, may be calculated by the following 
equation. This is more accurate than equation (9). Near ground level the 
formula is valid within the range 2A < D < 10A. 


cos (Ont cos 6) — cos ont 
Be Pe oot! sae r » 35 11 4108 
D sin (27h/X) sin @ | ! 


where 


E = field intensity in millivolts/meter 

I = current at base of antenna in amperes 
h = height of antenna 

\ = wavelengths in same units as h 

D = distance in kilometers 


6 = angle from the vertical 


relative field 


angle from vertical 


Fig. 5—Field strength as a function of angle of elevation for vertical radiators of 
different heights. 


ANTENNAS 673 


Vertical radiators = continued 
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Radiation patterns in the vertical plane for antennas of various heights are 
shown in Fig. 5. Field intensity along the horizontal as a function of antenna 
height for one kilowatt radiated is shown in Fig. 6. 


Both Figs. 5 and 6 assume sinusoidal distribution of current along the antenna 
and perfect ground conductivity. Current magnitudes for one-kilowatt power 
used in calculating Fig. 6 are also based on the assumption that the only re- 
sistance is the theoretical radiation resistance of a vertical wire with sinu- 
soidal current. 


Since inductance and capacitance are not uniformly distributed along the 
tower and since current is attenuated in traversing the tower, it is impossible 
to obtain sinusoidal current distribution in practice. Consequently actual 
radiation patterns and field intensities differ from Figs. 5 and 6.* The closest 
approximation to sinusoidal current is found on constant-cross-section towers. 


3 


fleld strength at one mile in mv/m/k 


0.) Q2 O03 04 Og Qs a7 OB 
antenna height in wavelength units 


ek) 


Fig. 6—Field strength along the horizontal as a function of antenna height for a 
vertical grounded radiator with one kilowatt radiated power. 


In addition, antenna efficiencies vary from about 70 percent for 0.15 wave- 
length physical height to over 95 percent for 0.6 wavelength height. The input 
power must be multiplied by the efficiency to obtain the power radiated. 


* For information on the effect of some practical current distributions on field intensities see 
H. E. Gihring and G. H. Brown, ‘General Considerations of Tower Antennas for Broadcast 
Use," Proceedings of the IRE., vol. 23, pp. 311-356; April, 1935. 
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Vertical radiators continued 


Average results of measurements of impedance at the base of several actual 
vertical radiators, as given by Chamberlain and Lodge*, are shown in Fig. 7. 


* A. B. Chamberlain and W. B. Lodge, “The Broadcast Antenna,” Proceedings of the IRE, 
vol. 24, pp. 11-35; January, 1936, 


ae nee Min dracibai i. 
; Ea coach 
HS a 


LSAT ENT 


resistance R and reactance X in ohms 


100 -—— 


TO ACCEP EL 


’ 
©. 0.05 0.10 0.15 020 0.25 0.30 0.35 040 0.45 0.50 0.55 060 0.65 070 
physical height in fractions of a wavelength Courtesy of Proceedings of the IRE 


Fig. 7—Resistance and reactance components of impedance between tower base and 
ground of vertical radiators as given by Chamberlain and Lodge. Solid lines show 
average results for 5 guyed towers; dashed lines show average results for 3 self- 
supporting towers. 
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Vertical radiators = continued 


For design purposes when actual resistance and current of the projected 
radiator are unknown, resistance values may be selected from Fig. 7 and 
the resulting effective current obtained from 


I, = (Wn/R)™ (11) 
where 

I, = current effective in producing radiation in amperes 

W = watts input 


antenna efficiency, varying from 0.70 at h/A = 0.15 to 0.95 at 
h/X = 0.6 


s 
I 


R = resistance at base of antenna in ohms 


If I, from (11) is substituted in (10), reasonable approximations to the field in- 
tensity at unit distances, such as one kilometer or one mile, will be obtained. 


The practical equivalent of a higher tower may be secured by adding a 
capacitance “hat’’ with or without tuning inductance at the top of a lower 
tower.* 


A good ground system is important with vertical-radiator antennas. It should 
consist of at least 120 radial wires, each one-half wavelength or longer, 
buried 6 to 12 inches below the surface of the soil. A ground screen of high- 
conductivity metal mesh, bonded to the ground system, should be used on or 
above the surface of the ground adjacent to the tower. 


Field intensity and radiated power from antennas in free space 


Isotropic radiator 


The power density P at a point due to the power P; radiated by an isotropic 
radiator is 


P = P;/47R? watts/meter? (12) 


* For additional information see G. H. Brown, "A Critical Study of the Characteristics of 
Broadcast Antennas as Affected by Antenna Current Distribution,” Proceedings of the IRE, 
vol. 24, pp. 48-81; January, 1936..G. H. Brown and J. G. Leitch, ‘The Fading Characteristics 
of the Top-Loaded WCAU Antenna.” Proceedings of the IRE, vol. 25, pp. 583-611; May, 1937. 
Also, C. E. Smith and E. M. Johnson, ‘Performance of Short Antennas," Proceedings of the IRE, 
vol. 35, pp. 1026-1038; October, 1947. 
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Field intensity and radiated power continued 


where 
R 
P; 


The electric-field intensity E in volts/meter and power density P in watts/ 
meter? at any point are related by 


distance in meters 


transmitted power in watts 


P= £E2/120r 
where 1207 is known as the resistance of free space. From this 
E = (120nP)” = (30P;,/R)” volts/meter (13) 


Half-wave dipole 
For a half-wave dipole in the direction of maximum radiation 

= 1.64 P,/4aR? (14) 
E = (49.2 P,)”/R 3 (15) 


These relations are shown in Fig. 8. 


Received power 


To determine the power intercepted by a receiving antenna, multiply the 
power density from Fig. 8 by the receiving area. The receiving area is 


Area = G)?2/4r 
where 


G = gain of receiving antenna 


= wavelength in meters 
The receiving areas and gains of common antennas are given in Fig. 36. 


Equation (16) can be used to determine the power received by an antenna 
of gain G, when the transmitted power P; is radiated by an antenna of 
gain G,. 


ron P.G-G 2 


© es iarldnRh? 


(16) 


G, and G; are the gains over an isotropic radiator. If the gains over a 
dipole are known, instead of gain over isotropic radiator, multiply each 
gain by 1.64 before inserting in (16). 
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Radiation from an end-fed conductor of any length 


(length of radiator) 


A. Half-wave, 
resonant 


B. Any odd number 
of half waves, 
resonant 


C. Any even number 
of half waves, 
resonant 


D. Any length, 
resonant 


E. Any length, 
nonresonant 


where 


7? 


3601/X 


expression for intensity 


F (6) 
cos (s0" sin ) 
F(@) = 
cos 0 
fe) 
cos (5 sin ) 
F(@) = 
cos 6 
° 
sin G sin s) 
Fe =] 
cos 6 
Fie) = [ + cos2/° + sin2@ sin2/° 
cos 8 


— 2cos (I° sin 6) cos /° 


E : | 4 
— 2 sin 6 sin_(/° sin 6) sin r | 


° 
F(@) = tan ; sin = (1 — sin 6) 


length of radiator in electrical 


degrees, energy to flow from 
left-hand end of radiator. 


] = length of radiator in same units 


as X 


\ = wavelength 


See also Fig. 9. 


8 N 
6 = angle from the normal to the be = 
radiator 4_N iN 
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Radiation from an end-fed conductor of any length continued 
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LE EEE 
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length of wire in wavelengths 


Fig. 9—Directions of maximum (solid lines) and minimum (dotted lines) radiation 
from a single-wire radiator. Direction given here is (90° — 6) 


Rhombic antennas 


Linear radiators may be combined in various ways to form antennas such as 
the horizontal vee, inverted vee, etc. The type most commonly used at high 
frequencies is the horizontal terminated rhombic shown in Fig. 10. 

radiation 


radiation 
—> 


termination: 
Fig. 10—Dimensions and radiation angles for rhombic antenna. 


In designing rhombic antennas* for high-frequency radio circuits, the desired 
vertical angle A of radiation above the horizon must be known or assumed. 
When the antenna is to operate over a wide range of radiation angles or is 
to aperate on several frequencies, compromise values of H, L, and. @ must 


* For more complete information see A. E. Harper, Rhombic Antenna Design,” D. Van Nostrand 
Company, New York, New York; 1941. 
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Rhombic antennas continued 
be selected. Gain of the antenna increases as the length L of each side is 


increased; however, to avoid too-sharp directivity in the vertical plane, it is 
usual to limit L to less than six wavelengths. 
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Fig. 11—-Rhombic-antenna design chart. 


Knowing the side length and radiation angle desired, the height H above 
ground and the tilt angle ¢ can be obtained from Fig. 11. 


Example: Find H and ¢ if A = 20 degrees and L = 4X. On Fig. 11 draw a 
vertical line from A = 20 degrees to meet L/X = 4 curve and H/A curves. 
From intersection at L/A = 4, read on the right-hand scale @ = 71.5 
degrees. From intersection on H/A curves, there are two possible values 
on the left-hand scale 


a. H/A = 0.74 or H =0.74n b. H/A = 2.19 or H = 2.19A 
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Rhombic antennas continued 
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Similarly, with an antenna 4A on the side anda tilt angle @ = 71.5°, working 
backwards, it is found that the angle of maximum radiation A is 20°, if the 
antenna is 0.74X or 2.19X above ground. 


Fig. 12 gives useful information for the calculation of the terminating 
resistance of rhombic antennas. 
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Fig. 12—Attenuation of balanced 600- 
ohm transmission lines for use as termi- 
nating networks for rhombic antennas. ‘ é 5 10 100 


frequency in megacycles 


Discones 


The discone is a radiator whose impedance can be directly matched to a 
50-ohm coaxial transmission line over a wide frequency band. The outer 
conductor of the transmission line is 
connected to the cone at the gap and 
the inner conductor to the center of the 
disc. The dimensions shown in Fig. 13 
give the best impedance match over a 
wide band.* Since the bandwidth is in- 
versely proportional to Cyin, that di- 
mension is usually made only slightly 
larger than the diameter of the coaxial 
transmission line. Dimensions S and D 
are determined from S = 0.3 Chin and 
D= 0.7 Cmax. L and ¢ determine how '———— Cox —————> 
the standing-wave ratio varies with fre- 
quency at the low edge of the band, as 
shown in Fig. 14. A discone with ¢ = 60° 
and C/L = 1/22 had a standing-wave ratio of less than 1.5 over at least 


Courtesy of Electronics 


Fig. 13—-Optimum discone dimensions. 


* J. J. Nail, “Designing Discone Antennas,” Electronics, vol. 26, pp. 167-169; August, 1953. 
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a 7/1 frequency range and a 
standing-wave ratio of less than 2 
over at least a 9/1 range in 
frequency. 


The pattern is omnidirectional in the 
H plane, while the E-plane pattern 
varies somewhat with frequency as 
shown in Fig. 15. 


standing-wave ratio on 50-ohm line 


Fig. 14—At right, standing-wave ratio 
versus ratio of frequency fo the frequency 
at which slant height is \/4. frequency / fo Courtesy of Electronics 
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Fig. 15—Discone E-plane patterns. Courtesy of Electronics 


Helical antennas 


Helical antennas can be classified either as to shape (such as cylindrical, 
flat, or conical) or as to type of pattern produced (such as normal or axial 
mode). Data will be given here only for the cylindrical helix radiating in 
the normal or axial mode. 


Normal-mode helix 


When the diameter is considerably less than a wavelength and the electrical 
length less than a wavelength, the helix radiates in the normal mode (peak 
of the pattern normal to the helix axis). In contrast with the ordinary dipole, 
where the radiating electromagnetic wave appears to travel on the dipole 
with the velocity of light in the surrounding medium, the velocity of the 
wave along the axis of the helix is lower and depends on the frequency, 
diameter, and number of turns per unit length. The velocity can be de- 
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Helical antennas continued 
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creased by large factors with a corresponding decrease in axial length fir 
quarter-wave or half-wave resonance. 


Velocity of propagation: The phase velocity along the helix axis is 
(c/v)2 = 1 + (Md/xD)? (17) 
where 


= velocity of light in surrounding medium 
= axial velocity 

= wavelength in surrounding medium 

= mean helix diameter (same units as J) 
value obtained from Fig. 16. 
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Fig. 16—Chart giving M for (17) and (18) and also showing apparent phase velocity V.p/¢. 
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The apparent phase velocity in the direction of the wire is equal to the 
axial velocity divided by the sine of the pitch angle, or 


(18) 


a) _ 1+ (Nab)? 
cJ 1+ (Md/xD)? 


Where N is the number of turns per unit length. Fig. 16 shows the variation 
of V../c when the terms in (18) are much greater than unity. Fig. 17 shows, 
for a particular case, how the frequency for quarter-wave resonance varies 
with the number of turns per unit length for constant wire length. When 
ND 2 1 and ND?/X < 1/5, this reduces to 


Vw/c = (1.25) (h/D)% (18A) 


where h = height of the quarter-wavelength helix. 
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Fig. 17—Resonant frequency for various helix configurations with same length of wire. 
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To obtain a real input impedance (resonance), each half of the helical 


antenna must be a quarter-wavelength long at the velocity given above 
or for ND?/X < 1/5 


Pischob thes ch (19) 
X 4e/V 4[1 + 20 INDI (D/A 


where h is the length of each half. 


Effective Height: The effective height of a resonant helix above a perfect 
ground plane is 2 h/m because the current distribution is similar to that of 
a quarter-wave monopole. A short monopole has an effective height of 
h/2 due to its triangular current distribution. 
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Radiation resistance: The radiation resistance of a resonant helix above a 
perfect ground plane is (25.3 h/X)2, while the radiation resistance of a 
short monopole is (20 h/))?. 


Polarization: The radiated field is elliptically polarized and the ratio of 
the horizontally polarized field E, to the vertically polarized field E, is 


Ex _ (NaD) Ji (@D/X) _ 5 ND? 


(20) 
Ey Jo (wD/X) nN 


where JoJi = Bessel functions* of the first kind. 


The approximation is valid for diameters less than 0.1 wavelength. Circular 
polarization is obtained with a resonant helix when the height is about 0.9 
times the diameter. 


The horizontal polarization is decreased considerably when the helix is 
used with a ground plane. The vertical pattern of the horizontally polarized 
field then varies as 2 (h/X) sin @ cos 6, while the vertical pattern of the 
vertically polarized field varies as cos 6. 


Losses: For short resonant helixes, the loss may be appreciable because 
the wire diameter must be much smaller than the diameter of a dipole of 
the same height. Neglecting proximity effects, the ratio of the power dis- 
sipated P; to the power radiated P, is 


Pr 2X 107 (Vuo/c) 


5) ee sce ol (21) 
P, d (h/N)2 Fé 


where 
d = diameter of copper wire in inches 


Fine = frequency in megacycles/second 


The efficiency is thus 1/(1 + P;/P,). Fig. 18 is a plot of height versus 
resonant frequency for three wire diameters for 50-percent efficiency, 
assuming that V/c = 1. 


Q and tap point: The Q factorf can be calculated approximately: 


* Table of Bessel functions is given on p. 1118. 


T Unloaded Q. When the antenna is driven by a zero-resistance generator, the 3-db band- 
width is fo/Q. When driven by a generator whose resistance matches the resonant resistance 
of the antenna, the 3-db bandwidth is 2 fo/Q. 


TA. G. Kandoian and W. Sichak, “Wide-Frequency-Range Tuned Helical Antennas and Cir- 
cuits,”” Electrical Communication, vol. 30, pp. 294-299; December, 1953: also, Convention Record 
of the IRE 1953 National Convention, Part 2—Antennas and Communication; pp. 42—47. 
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Q= aZo/ 4Rbase (22) 
where 


Zo 


characteristic impedance 
60 (c/V) [In (4h/D) — 1] 
radiation resistance plus wire resistance 


(25.3 h/M? + 12.5 (Vio/c) /dF 2, 


where d = wire diameter in inches. 


Rpase 


The input resonant resistance Rtap with one end of the resonant helix con- 
nected to a perfectly conducting ground plane is 


Rrap = (4/m) Q Zp sin?6 (23) 


where 6 = angular distance between tap point and the ground plane. 
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Fig. 18—Helix height versus frequency for 50-percent efficiency. 
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Axial-mode helix 


When the helix circumference is of the order of a wavelength, an end-fire 
circularly polarized pattern (axial ratio less than 6 decibels) is obtained.* 


Equations (24) give approximately the properties when the diameter in 
wavelengths is between 1/4 and 4/9, the pitch angle is between 12 and 
15 degrees, the total number of turns is greater than 3, and the ground- 
plane diameter greater than a half-wavelength. 


I 


17\3/2/7D h'/2 degrees 
150 d?h/r3 (24) 
440 D/X ohms 


Half-power beamwidth 


Gain 


Input resistance 


Slot antennas 


The properties of many slot antennas can be deduced from the properties 
of the complementary metallic antenna. The impedance Z, of the slot antenna 
is related to the impedance Zm of the metallic antenna by 

eZee (602)? 


The magnitude of the electric field E, produced by the slot is proportional 


* J. D. Kraus, “Antennas,” McGraw-Hill Book Company, Incorporated, New York, New York; 
1950: see p. 213. 


| // 
J pp ae wh 


Omir 


metallic-dipole antenna 


L, 


slot antenna 


Fig. 19—Slot antenna and its metallic counterpart. 
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to the magnitude of the magnetic field Hm of the metallic antenna and H, 
is proportional to Em. The electric- and magnetic-plane patterns of the slot 
are similar to the magnetic- and electric-plane patterns, respectively, of 
the metallic antenna. 


Example: Slot antenna in an infinite metallic plane, Fig. 19. The complemen- 
tary metallic antenna is a dipole. For a narrow slot a half-wavelength long, 
fed at the center, the impedance is (607)?/73 = 494 ohms if the slot radiates 
on both sides. (If a cavity is added to suppress radiation on one side, the 
impedance doubles.) The E-plane pattern of the slot and the H-plane 
pattern of the dipole are omnidirectional, while the slot H-plane pattern 
is the same as the dipole E-plane pattern. 


Impedance of small 
annular slots: The 
annular-slot antenna, 
the complement of a 
loop, is often used as 
flush-mounted antenna 
to produce a pattern 
and polarization simi- 
lar to that of a short 
dipole mounted on a 
large ground plane. 
When the outer diame- 
ter is less than about a 
tenth of a wavelength, 
the impedance’ is given 


by Fig. 20. 


A and B in ohms 


* H. Levine and C. H. Papas, 
“Theory of the Circular 
Diffraction Antenna,” Journal 
of Applied Physics, vol. 22, 
pp. 29-43; January, 1951. 


_ lt 


Fig. 20—Impedance of annular-slot antenna. R= A (b/d)? 
and X = B ()\/b) (capacitive). 
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Axial slots on cylinders: Fig. 21 shows how the E-plane pattern®™ of an axial 
slot in the surface of a cylinder varies with diameter and wavelength. 


D/ d= 0.127 0/r=0.25 
D/d= 0.5 D/r=8 


Courtesy of Proceedings of the IRE 


Fig. 21—Radiation pattern for single axially slotted cylindrical antenna of diameter D. 


Antenna arrays 


The basis for all directivity control in antenna arrays is wave interference. 
By providing a large number of sources of radiation, it is possible with a fixed 


* G. Sinclair, “Patterns of Slotted-Cylinder Antennas,” Proceedings of the IRE, vol. 36, pp. 
1487-1492; December, 1948. 
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amount of power greatly to reinforce radiation in a desired direction 
while suppressing the radiation in undesired directions. The individual 
sources may be any type of antenna. 


Individual elements 


Expressions for the radiation pattern of several common types of individual 
elements are shown in Fig. 22, but the array expressions are not limited to 
these. The expressions hold for linear radiators, rhombics, vees, horn radia- 
tors, or other complex antennas when combined into arrays, provided a 
suitable expression is used for A, the radiation pattern of the individual an- 
tenna. The array expressions are multiplying factors. Starting with an indi- 
vidual antenna having a radiation pattern given by A, the result of combining 
it with similar antennas is obtained by multiplying A by a suitable array 
factor, thus obtaining an A’ for the group. The group may then be treated as 
a single source of radiation. The result of combining the group with similar 
groups or, for instance, of placing the group above ground, is obtained by 
multiplying A’ by another of the array factors given. 


Linear array 


One of the most important arrays is the linear multielement array where a 
large number of equally spaced antenna elements are fed equal currents in 
phase to obtain maximum directivity in the forward direction. Fig. 23 gives 
expressions for the radiation pattern of several particular cases and the 
general case of any number of broadside elements. 


In this type of array, a great deal of directivity may be obtained. A large 
number of minor lobes, however, are apt to be present and they may be 
undesirable under some conditions, in which case a type of array, called the 
binomial array, may be used. 


Binomial array 


Here again all the radiators are fed in phase but the current is not distributed 
equally among the array elements, the center radiators in the array being 
fed more current than the outer ones. Fig. 24 shows the configuration and 
general expression for such an array. In this case the configuration is made 
for a vertical stack of loop antennas in order to obtain single-lobe directivity 
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Fig. 22—Radiation patterns of several common types of antennas. 


type of current Had aha 
radiator disicibution horizontal E plane | vertical H plane 
A (8) 
A 
. cos ( sin ) 
Half-wave Als) = K 2 A(g) = K(1) 
dipole cos 6 
= K cos 8 
B 
Rens & Als) ~ K cos 6 Ais) = Kill 
= 
A(lé) = 
Lengthened 9 ql me 
Bipole Sailer - cos (= sin ) — cos x A(gB) = K()) 
cos 0 

D ee 

‘SOT! 
Horizontal ] \\ é 
loop ( | | ; A(l@é) = K(1) A(®) = K cos B 

se 
E 
Horizont | 
“ee Ai) = KU) Aig) = K’() 

iy and ig 

phased 90° 


§ = horizontal angle measured from perpendicular bisecting plane 
B = vertical angle measured from horizon 
K and K’ are constants and K’ = 0.7K 
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in the vertical plane. If such an array were desired in the horizontal plane, 
say n dipoles end to end, with the specified current distribution the expression 
would be 


cos (: sin ) 
Fig) est mre Ge cos” (4 §° sin @) (25) 
cos 


The term binomial results from the fact that the current intensity in the suc- 
cessive array elements is in accordance with the numerical coefficients of 
the terms in the binomial expansion (a + b)”—! where n is the number of 
elements in the array. This is shown in Fig. 24. 


Fig. 23——Linear-multielement-array broadside directivity. See Fig. 22 to compare A 
for common antenna types. 


configuration of array | expression for intensity F(6) 
A ik | 
on Fié) = Afi] 
@ 
& 
B A A 
e % 5° 
F(é) = 2A| cos (S sin ) | 
ee 
C A A A 
@ @ @ 
F(6) = A + 2A [cos (S° sin 6)] 
al le 5° 
D A A ae 
a ° * : F(@) = 
. He - 4A | cos (S° sin 6) cos (5 sin *) | 
es se 2 ] 
E ° 
sin (x os sin s) 
m radiators Epil 2 


(general case) (5 ) 
sin 5 See 
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Fig. 24—Development of the binomial array. The expression for the general case is 


given in E. 


configuration of array 


A 
fo 
Vee s 
B 
oar, VY B 
Ber f, 
C 
1> sas 
ae 
SOOM — Oz—* 
1} }1 
D 
1} 1 


expression for intensity F(() 


FiB) = cos fl] 


Fig) = 2 cos B | cos (5 sin a) | 


Fig) =' 2? cos B | cos (S sin 8) | 


pS | 


/ 


Fig) = 2* cos p| cost (5 sin a) | 


Fipy = 2° cos p| cos (5 sin e) | 


and in general: 


F(p) = 


Oh cos 8 | cost ¢ sin a) 


where n = number of loops in the 
array 
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Optimum current distribution for broadside arrays* 


It is the purpose here to give design equations and to illustrate a method 
of calculating the optimum current distribution in broadside arrays. The 
resulting current distribution is optimum in the sense that (a) if the side-lobe 
level is specified, the beam width is as narrow as possible, and (b) if the 
first null is specified, the side-lobe level is minimized. The current distribution 
for 4- through 12-; and 16-, 20-, and 24-element arrays can be calculated 
after either the side-lobe level or the position of the first null is specified. 


Parameter Z: All design equations are given in terms of the parameter Z. To 
determine Z if the side-lobe level is specified, let 


age (maximum amplitude of main lobe) 
(maximum amplitude of side lobe) 


then 


Bie al (+ 4 vie 1) TF ¢ — Ve—1)"*] = cosh p/M (28) 


where 


M = (number of elements in the array) — 1] 


p= Cosh ir 


To determine Z if the position of the first 
null is specified (Fig. 25), let 0) = position 
of first null. Then 


z= £98 (a. /2M) 
rS (27) 
cos x CI) i OMT M AY) PRO, Pie (Apna een ete <a 
Fig. 25—Beam pattern for 
broadside array, showing first 
where S = spacing between elements. null at 6. 


Design equations: The following are in Z. It is assumed that all elements are 
isotropic, are fed in phase, and are symmetrically arranged about the center. 
See Fig. 26 for designation ot the respective elements to which the following 
currents I apply. 


*C.L. Dolph, “A Current Distribution for Broadside Arrays Which Optimizes the Relationship 
Between Beam Width and Side-Lobe Level,’ Proceedings of the IRE, vol. 34, pp. 335-348; 
June, 1946. See also discussion on subject paper by H. J. Riblet and C. L. Dolph, Proceedings 
of the IRE, vol. 35, pp. 489-492; May, 1947. 


Antenna arrays continued 
FR SAR IL LA ET 


4-element array 


L= 2 
i = 3ll, — 


8-element array 


I, = zi 
I; = 71, — 2°) 
ip — 5]; —- 14], + 14Z8 


if = 3h — Sl, + 71, — A 


12-element array 


Ig = ZY 
Is ass Wd — 2°) 
I — 9]; ar 44], + 4477 


Is — 71, — 271; + 771s ae 772° 


I, = Sl; ‘a 141, ++ 30/; ae 55, 4 55Z3 
Sls + 714 — 9s + 11g — 11Z 


= 3. —-— 


16-element array 


Is = ze 
f; = 15lg — 15218 
fel "901s +902" 


1g — 651; + 275I3 — 275Z° 
I, =, 91; pez 44], + 1561; i 450]; 
+ 450Z7 


ie = 71, oat 971. +- 771, ae 182], 
+ 378]; — 378Z5 
IB = 5] =a 14], +- 30/; =a 55l, 


+ 91g — 140/3 + 14023 


IF cae 3), rE 5]; + 71, ae 9]; 
+ 11, — ISI; + 153 — 15Z 


The relative current values neces- 
sary for optimum current distribution 
are plotted as a function of side-lobe 
levelin decibels for 8-, 12-, and 16- 
element arrays (Figs. 27-29). 
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odd number 
N + 1 elements 


even number 


N elements 


Fig. 26—Broadside array of even and odd 
number of elements showing nomenclature 
of radiators, spacing S, and beam-angular 
measurement @. 
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I 
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side-lobe level in decibels 
Courtesy of Proceedings of the IRE 
Fig. 27—The relative current values for 
an 8-element array necessary for “the 


optimum current distribution" as a func- 
tion of side-lobe level in decibels. 


radiator currents 
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TAR ¢ COO eee 
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Fig. 28—The relative current values for Fig. 29—The relative current values for 
a 12-element array necessary for ‘‘the a 16-element array necessary for “the 
optimum current distribution” as a func- optimum current distribution” as a func- 
tion of side-lobe level in decibels. tion of side-lobe level in decibels. 


Effect of ground on antenna radiation at very-high 


and ultra-high frequencies 


The behavior of the earth as a reflecting surface is considerably different 
for horizontal than for vertical polarization. For horizontal polarization the 
earth may be considered a perfect conductor, i.e., the reflected wave at all 
vertical angles B is substantially equal to the incident wave and 180 degrees 
out of phase with it. F(@) in Fig. 30B was derived on this basis. The approxi- 
mation is good for practically all types of ground. 


For vertical polarization, however, the problem is much more complex as 
both the relative amplitude K and relative phase @ change with vertical 
angle 8, and vary considerably with different types of ground. Fig. 31 is a 
set of curves that illustrate the problem. The subscripts to the amplitude 
and phase coefficients K and @ refer to the type of polarization. 


It is to be noted particularly that at grazing incidence (8 = 0) the reflection 
coefficient is the same for vertical and horizontal polarization. This is 
substantially true for practically all ground conditions. 
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Directivity of several miscellaneous arrays 


Fig. 30—Directivity of several array problems that do not fall into any of the preceding 
classes. 


configuration of array | expression for intensity 


A. Two radiators h 
i any phase @ Fg) = 


F [A? + A2-+ 2A,A, cos (S° sin 6+ ¢)]? 
A, a A/ ¢ When A; = Ao, 
@ @ S 
iullaaiys 


7 tu) 
Fil == "ZA cas (5 sin@ + $) 


B. Radiator above ground (horizon- 
tal polarization) 


F(B) = 2A sin (hy° sin B) 


C. Radiator parallel to screen 


F(8) = 2A sin (d° cos 8) 
or 
F(@) = 2A sin (d° cos 6) 


S° = spacing in electrical degrees 
hy° = height of radiator in electrical degrees 
d° = spacing of radiator from screen in electrical degrees 
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reflection coefficient = amplitude K 


Fig. 31—Typical ground-reflec- 0 
tion coefficients for horizontal o 20 40 60 80 
and vertical polarizations. vertical angle 6 in degrees 


Electromagnetic horns and parabolic reflectors 


Radiation from a waveguide may be obtained by placing an ‘electro- 
magnetic horn of a particular size at the end of the waveguide. 


Fig. 32 gives data for designing a horn to have a specified gain with the 
shortest length possible. The length L; is given by 


a b 
4 =L{l—-—-—- — 
1 ( DA =) (28) 


a = wide dimension of waveguide in the H plane 


b = narrow dimension of waveguide in E plane 


If L > a?/d, where a = longer dimension of aperture, the gain is given by 
G = 10ab/d? (29) 
The half-power width in the E plane is given by 

51 \/b degrees (30) 
and the half-power width in the H plane is given by 

70 \/a degrees (31) 
where 

E = electric vector 


H = magnetic vector 


Fig. 33 shows how the angle between 10-decibel points varies with aperture. 
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dimension of A, B, or L in terms of wavelength 


eae 
Blob bolts bsbelede [af 


5 6 WwW 26 9 2 2 e2 2 2 2 2 #27 28 
t—>| 


gain in decibels above isotropic radiator 


L = axial length to apex < 8 
A = width of aperture in H plane 


B = width of aperture in E plane 


Fig. 32—Design of electromagnetic-horn radiator. 
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Fig. 33—10-decibel widths of horns. L > A2/d. 
Parabolas 


If the intensity across the aperture of the parabola is of constant phase 
and tapers smoothly from the center to the edges so that the intensity at 
the edges is 10 decibels down from that at the center, the gain is given by 


G = 7A/\? (32) 
where A = area of aperture. The half-power width is given by 
70 A/D degrees (33) 


where D = diameter of parabola. See nomograph, p. 754. 
Passive reflectors 


In some applications, an antenna and plane reflector are used instead of a 
directional antenna fed through a long transmission line. The main applica- 
tion is in microwave line-of-sight radio links where the antenna may be 
mounted up to 300 feet above the associated radio equipment. In some 
cases, the loss is less than that of a long transmission line. In addition, 
long-line effects, such as “pulling’’ of frequency-modulated oscillators, are 
minimized. 


a] 
Q 
a 


gain in decibels 


D= 04 be 
0.2 0.4 0.6 0.8 1.0 
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Fig. 34 shows the gain relative to an antenna whose area is equal to the 
projected area of the reflector. (To obtain the gain relative to the antenna, 
add 20 log (D/d) to the gains shown.) The plane reflector is assumed to 
be of elliptical shape and the amplitude tapers parabolically across the 
aperture of the antenna so that the edge illumination is 10 decibels below 
the center.* Slightly more gain can be obtained if a rectangular reflector 
is used. 


Example: Compared to a 6-foot-diameter antenna, a reflector 6 feet in 
diameter mounted on a 200-foot tower has a loss of 3.5 decibels when fed 
with a 6-foot-diameter antenna at 6000 megacycles and a loss of 2.5 
decibels when fed with an 8.5-foot-diameter antenna. The over-all system 
gain is larger if the transmission-line loss exceeds 3.5 or 2.5 decibels, 
respectively. | 


Corner reflectors 


The corner reflectort is a simple directive antenna. 
The dimensions given in Fig. 35 will give a gain of 
8 to 10 decibels over a dipole alone. If \ = wave- 
length, 


0.25-N <'S <i0mar 


reflector ——p 


@ dipole 


length of reflector 
Fig. 35—Corner-reflector 


A 
5X /8 antenna. 


2 
height of reflector > 


Antenna gain and effective area 


The gain of an antenna is a measure of how well the antenna concentrates 
its radiated power in a given direction. It is the ratio of the power radiated 
in a given direction to the power radiated in the same direction by a standard 
antenna (a dipole or isotropic radiator), keeping the input power constant. 
If the pattern of the antenna is known and there are no ohmic losses in the 
system, the gain G is defined by : 


*W. C. Jakes, Jr., “Theoretical Study of An Antenna—Reflector Problem," Proceedings of the 
IRE, vol. 41, pp. 272-274; February, 1953. 


TRE. Greenquist and A. J. Orlando, “Analysis of Passive Reflector Antenna Systems,” Proceed- 
ings of the IRE, vol. 42, pp. 1173-1178; July, 1954. 


tJ. D. Kraus, “The Corner Reflector Antenna," Proceedings of the IRE, vol. 28, pp. 513-519; 
November, 1940. 
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‘maximum power intensity An|Eo|? 
on SOIT ld EL cha (34) 
average power intensity a le ost 
santa 
where 
|Eo| = magnitude of the field at the maximum of the radiation pattern 
|E| = magnitude of the field in any direction 


The effective area A, of an antenna is defined by 


2 
Pav Gh (35) 
An 
where 
G = gain of the antenna 


dX = wavelength 


The power delivered by a matched antenna to a matched load connected 
to its terminals is PA,, where P is the power density in watts/meter? at the 
antenna and A, is the effective area in meters’. 


The gains and receiving areas of some typical antennas are given in Fig. 36. 


Fig. 36—Power gain G and effective area A of several common antennas. 


gain above 


radiator isotropic radiator effective area 
lsotropic radiator 1 ?/4ar 
Infinitesimal dipole or loop 1.5 1.5 2/407 
Half-wave dipole 1.64 1.64 2/42 


Optimum horn (mouth area = A) 10 A/d? 0.81 A 


Horn (maximum gain for fixed length—see 


Fig. 33, mouth area = A) 5.6 A/r 0.45 A 
Parabola or metal lens 6.3 to 7.5 A/d@ 0.5 to 0.6 A 


Broadside array (area = A) 4a A/)? (max) A (max) 


Omnidirectional stacked array (length = L, 
stack interval < X) = 2L/d =L d/2r 


Turnstile 19 1.15 \2/44 
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The gains and effective areas given in Fig. 36 apply in the receiving case 
only; when the polarizations are not the same, the gain is given by 


Ge = Gcos?6 (36) 


where 


G = gain of the antenna 
@ = angle between plane of polarization of the antenna and the incident 


field 
Equation (36) applies only to linear polarization. Equation (6) gives the 
variation for circular or elliptical polarization. If a circularly polarized 
antenna is used to receive power from an incident wave of the same screw 
sense, the gains and receiving areas in Fig. 36 are correct. If a circularly 
polarized antenna is used to receive power from a linearly polarized wave 
(or vice-versa) the gain or receiving area will be one-half those of Fig. 36. 


If the half-power widths of a narrow-beam antenna are known, the ap- 
proximate gain above an isotropic radiator may be computed from 


30,000 (37) 


ee aaa 
WeWx 


We = E-plane half-power width in degrees 
Wy = H-plane half-power width in degrees 


Equation (37) is not accurate if the half-power 
widths are greater than about 20 degrees, or if 
there are many large side lobes. 


Vertically stacked horizontal loops 


Radiation pattern for array of Fig. 37 is 


sin (= sin 8) 


ale a es B (38) 
sin (5 sin 8) 
where 
n = number of loops 


S° = spacing in electrical degrees Fig. 37—Stacked loops. 
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If S = spacing in radians, the gain is 
es Weblw, 26." ee kS° cos kS et ie (39) 
in = «-+ — (n — k) 
= a ar a Kss ks)? Jf 


The gain as a function of the number of loops and the electrical spacing 
is given in Fig. 38. 
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Fig. 38—Gain of linear array of horizontal loops vertically stacked. 
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The data are also directly applicable to stacked dipoles, discones, tripoles, 
etc., and all other antenna systems that have vertical directivity but are 


omnidirectional in the horizontal plane. Such antennas are widely used 
for frequency-modulation, television, and radio-beacon applications. 


Examples in the solution of antenna-array problems 


Problem 1: Find horizontal radiation pattern of four colinear horizontal 
dipoles, spaced successively \/2, or 180 degrees. 


Solution: From Fig. 23D, radiation from four radiators spaced 180 degrees is 
given by 


F(9) = 4A cos (180° sin 6) cos (90° sin 6) 


From Fig. 22A, the horizontal radiation of a half-wave dipole is given by 


cos ( sin a) 
Be? Rin. 


cos @ 


A=K 


therefore, the total radiation 


We k 
cos (: sin ‘) 
Fie) = K | ————— | cos (180%sin @icos (20° \sin- 6) 
cos @ 


Problem 2: Find vertical radiation pattern of four horizontal dipoles, 
stacked one above the other, spaced 180 degrees successively. 


Solution: From Fig. 23D we obtain the general equation of four radiators, 
but since the spacing is vertical, the expression should be in terms of vertical 
angle B. 


F(8) = 4A cos (180° sin 8) cos (90° sin B) 
From Fig. 22A we find that the vertical radiation from a horizontal dipole (in 


the perpendicular bisecting plane) is nondirectional. Therefore the vertical 
pattern is 
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Examples in the solution of antenna-array problems continued 
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F(B) = K(1) cos (180° sin B) cos (90° sin B) 


Problem 3: Find horizontal radiation pattern of group of dipoles in prob- 
lem 2. 


Solution: From Fig. 22A. 


Tikes 
cos (: sin s) 
F(@) = K ——-—__—+ 


cos @ 


= K cos 0 


Problem 4: Find the vertical radiation pattern of stack of five loops 
spaced 2/3, or 240 degrees, one above the other, all currents equal in 
phase and amplitude. 


Solution: From Fig. 23E, using vertical angle because of vertical stacking, 


sin [5(120°) sin B] 


F(6) = A — x 
sin (120° sin 8) 


From Fig. 22D, we find A for a horizontal loop in the vertical plane 


A = F(®) = K cos 8 


Total radiation pattern 


sin [5(120°) sin B] 
Fig) = K shee Rd 
B Bose sin (120° sin 6) 


Problem 5: Find radiation pattern (vertical directivity) of the five loops in 
problem 4, if they are used in binomial array. Find also current intensities in 
the various loops. 


Solution: From Fig. 24 


F(6) = K cos B [cos4(120° sin 6) ] 
fall terms not functions of vertical angle 8 are combined in constant K) 


Current distribution (1 + 1)4 = 1+ 4+ 6-+ 4 + 1, which represent the 
Current intensities of successive loops in the array. 
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Problem 6: Find horizontal radiation pattern from two vertical dipoles 
spaced one-quarter wavelength apart when their currents differ in phase by 
90 degrees. 


Solution: From Fig. 30A 


So = A) 40 = 90 = spacing, 
@ = 90° = phase difference 


Then, 
F(6) = 2A cos (45 sin 6 + 45°) 


Problem 7: Find the vertical radiation pattern and the number of nulls in 
the vertical pattern (0 < B < 90) from a horizontal loop placed three 
wavelengths above ground. : | 1a 


Solution 

hi: 15360) = 1080- 
From Fig. 30B 

F(B) = 2A sin (1080 sin B) 


From Fig. 22D for loop antennas 
A = K cos 8 


Total vertical radiation pattern 


F(8) = K cos B sin (1080 sin B) 


A null occurs wherever F(8) = 0. 
The first term, cos 8, becomes 0 when B = 90 degrees. 


The second term, sin (1080 sin 8), becomes O whenever the value inside the 
parenthesis becomes a multiple of 180 degrees. Therefore, number of nulls 
equals | ae: 


Problem 8: Find the vertical and horizontal patterns from a horizontal 
half-wave dipole spaced \/8 in front of a vertical screen. re 


Solution: 
Xr 


d° = — = 45° 
8 
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Examples in the solution of antenna-array problems continued 
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From Fig. 30C 
F(B) = 2A-sin (45° cos 8) 
F(6) = 2A'sin (45° cos 6) 


From Fig. 22A for horizontal half-wave dipole 
Vertical pattern A = K(I) 


cos { — sin a) 
orizontal pattern A = K ——~—___~ 
cos 6 


Total radiation patterns are 


Vertical: F(8) = K sin (45° cos B) 
ul sin 8 


se ( ) 
merzonial £16) = K ——-——___~ sin (45° cos @) 
cos @ 
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Mm Radio-wave propagation 


Very-low frequencies—up to 60 kilocycles 
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The received field intensity in microvolts/meter has been experimentally 
found to follow the Austin-Cohen equation for distances between 500 
and 10,000 kilometers: 


r 28% 103(P)# 33) D a) 
4 D SOL ur ae 


where 


D = kilometers between transmitter and receiver 

E = received field intensity in microvolts/meter 

P = radiated power from the transmitter antenna in kilowatts 

R = effective radius of earth in kilometers = 6380 

@ = attenuation constant 
exp = 2.718 to the exponent shown within parentheses 

6 = angular distance in radians = D/R 

= wavelength of radiation in kilometers = 300/ (frequency in kilocycles) 
The two nomograms, Figs. 1 and 2,* give solutions for the most important 


problems related to very-long-wave propagation. The first nomogram solves 
the following equations 


HI 377 
(P)?4 = —— - —— 2 
dh 298 4 

E 


= —____,, (3) 
298 X 103(P) 


where 


H = radiation height (effective height) in meters 
I = antenna current in amperes 


M = quantity used in Fig. 2 


Example 
To effect a solution of the above equations: 


a. On Fig. 1, draw two straight lines, the first connecting a value of H with 
a value of J, the second connecting a value of \ with a value of P; if both 


* The nomograms, Figs. 1 and 2,are due to Mrs. M. Lindeman Phillips of the Central Radio Propa- 
gation Laboratory, National Bureau of Standards, Washington, D. C. 


RADIO-WAVE PROPAGATION Il 


Very-low frequencies continued 
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Fig. I1—First nomogram for the solution of very-long-wave field strength. For the solu- 
tion of P and M, equations (2) and (3). 
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lines intersect on the central M line of the nomogram, the values present 
a solution of (2). Note: This does not give a solution of (3), i.e., a solution 
for M.. 


distance in frequency in \ = wavelength 
kilometers —log M kilocycles in kilometers 


Vv 
500 


Fig. 2—Second nomogram for the determination of very-long-wave fleld strength by 
the Austin-Cohen equation (1). Value M is first determined from Fig. 1. 


RADIO-WAVE PROPAGATION 13 
Very-low frequencies continued 
SA ST BSE ERT REL ST INA EL) 


b. Draw a straight line connecting values of P and E. The intersection of 
this line with the central nomographic scale M gives the corresponding value 
of M, as indicated in (3). 


Fig. 2 represents the Austin-Cohen equation, affording the possibility of 
either determining or using various values for the attenuation constant a. 
To use, 


c. Draw a straight line connecting points located on the two distance 
scales for the proper transmission distance. 


d. Draw a second straight line connecting the proper values of wavelength 
(or frequency) and M; its intersection with the straight line in (c) above must 
lie at the proper value of @ among the family of curves represented. The 
values of M, x, D, and @ thus indicated represent a solution of (1). 


Low and medium frequencies—100 to 3000 kilocycles* 


For low and medium frequencies, of approximately 100 to 3000 kilocycles, 
with a theoretical short vertical antenna over perfectly reflecting ground: 


E = 186 (P,)* millivolts/meter at 1 mile 
or, 
E = 300 (P,) millivolts/meter at 1 kilometer 


where P, = radiated power in kilowatts. 


Actual inverse-distance fields at one mile for a given transmitter output 
power depend on the height and efficiency of the antenna and the efficiency 
of coupling devices. 


Typical values found in practice for well-designed stations are: 


Small L or T antennas as on ships: 25 (P,)* millivolts/meter at | mile 
Vertical radiators 0.15 to 0.25 X high: 150 (P,)¥ millivolts/meter at 1 mile 
Vertical radiators 0.25 to 0.40 \ high: 175 (P,) 4 millivolts/meter at 1 mile 


Vertical radiators 0.40 to 0.60 2 high 
or top-loaded vertical radiators: 220 (P;)” millivolts/meter at HI mile 


where P; = transmitter output power in kilowatts. WEE values can be 
increased by directive arrangements. 


* For more eet methods of computation see F. E. Terman, “Radio Engineers’ Handbook,” 
Ist edition, McGraw-Hill Book Company, New York, New York, 1943; Section 10. Also, 
K. A. Norton, “The Calculation of Ground-Wave Field Intensities Over a Finitely Conducting 
‘Spherical Earth," Proceedings of the IRE, vol. 29, pp. 623-639; December, 1941. 
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Low and medium frequencies continued 


The surface-wave field (commonly called ground wave) at greater distances 
can be found from Figs. 3-6.* Figs. 4-6 are based ona field strength of 
186 millivolts/meter at one mile. The ordinates should be multiplied by the 
ratio of the actual field at 1 mile to 186 millivolts/meter. 


* For additional curves of ground-wave field intensity versus distance, see chapter 22, “Broad- 
casting.” 


Fig. 3—-Ground conductivity and dielectric constant for medium- and long-wave 
propagation to be used with Norton's, van der Pol's, Eckersley's, or other develop- 
ments of Sommerfeld propagation formulas. 


dielectric 
conductivity ¢ constant ¢ 
terrain. in emu in esu 

Sea water 4X 107!! 80 
Fresh water 5X. 10°*4 80 
Dry, sandy flat coastal land 2 Oare 10 
Marshy, forested flat land 8 X< 10714 12 
Rich agricultural land, low hills EX 10788 15 
Pastoral land, medium hills and forestation 5 X 1074 13 
Rocky land, steep hills 2640744 10 
Mountainous (hills up to 3000 feet) 1xX.10-* 5 
Cities, residential areas ZX 107" 5 
Cities, industrial areas 1X 10715 3 


field in microvolts/meter 
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Fig. 4—Strength of surface waves as a function of distance with a vertical antenna 
for good earth (¢ = 107!3 emu and ¢« = 15 esu). 
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Low and medium frequencies 
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Fig. 5—As Fig. 4, for poor earth (c = 2 X 107!‘ emu and « 
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Fig. 6—As Fig. 4, for sea water (c = 4 X 107!! emu and « 
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continued 


Low and medium frequencies 
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Fig. 7—Sky-wave signal range at medium frequenc 


mum). Shown are the values exceeded by field intensities (hourly median values) for 
various percentages of the nights per year:per 100 millivolts/meter radiated at 1 mile. 


Annual average is also shown. For latitudes of 35, 40, and 45 degrees. 
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Low and medium frequencies 


Annual average is also shown. Valuesare given for latitudes of 35, 40, and 45 degrees. 
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Low and medium frequencies | continued 
aac beth 

Figs. 4, 5, and 6 do not include the erocG; sky waves reflected from the 
ionosphere. Sky waves cause fading at medium distances and produce higher 
field intensities than the surface wave at longer distances, particularly at 
night and on the lower frequencies during the day. Sky-wave field intensity 
is subject to diurnal, seasonal, and irregular variations due to changing 
properties of the ionosphere. 


The annual median field strengths are functions of the latitude, the fre- 
quency on which the transmission takes place, and the phase of the solar 
sunspot cycle at a given time. 


The dependence of the annual median field for transmissions on frequencies 
around the middle of the United States standard cdagseicaee band is shown 
on Fig. 7 for a period (1939) near sunspot maximum* and on Fig. 8, fo Ke] 
period of sunspot minimum (1944). é 


The curves are given for 35, 40, and 45 degrees latitude. The latitude Awe 
to characterize a path is that of a control point on the path. The control 
point is taken to be the midpoint of a path less than 1000 miles long; and for 
a longer path, the reflection point (for two-reflection transmission) that’ is 
at the higher latitude. 


The curves are extracted from a report of the Federal Communications 
Commission in 1946.7 


High frequencies—3 to 30 megacycles 
VERA ET TLE BSA STEMS BOE ISSE SNE DUD SAE SEABT SPA FT EE ID NO LN MR GE AOI TET 


At frequencies between about 3 and 25 megacycles and distances greater 
than about 100 miles, transmission depends entirely on sky waves reflected 
from the ionosphere. This is a region high above the earth's surface where © 
the rarefied air is sufficiently ionized (primarily by ultraviolet sunlight) to 
reflect or absorb radio waves, such effects being controlled almost exclu- 
sively by the free-electron density. The ionosphere is usually considered as 
consisting of the following layers. 


D layer: At heights from about 50 to 90 kilometers, f it exists only during day- 
light hours, and ionization density corresponds with the altitude of the sun. 


This layer reflects very-low- and low-frequency waves, absorbs medium- 
frequency waves, and weakens high-frequency waves through partial 
absorption. 


* Sunspot maximums occurred in 1938 and 1948; the next is expected in 1958. Sunspot minimums 
occurred in 1944 and 1954; the next is expected In 1964. 

Committee Ill—Docket 6,741, “Skywave Signal Range at Medium Frequencies,” Federal 
Communications Commission, Washington, D. C.; 1946. 


}1 kilometer = 0.621 mile. o 
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High frequencies — continued 
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E layer: At height of about 110 kilometers, this layer is of importance for 
high-frequency daytime propagation at distances less than 1000 miles, and for 
medium-frequency nighttime propagation at distances in excess of about 100 
miles. lonization density corresponds closely with the altitude of the sun. 
Irregular cloud-like areas of unusually high ionization, called sporadic E 
may occur up to more than 50 percent of the time on certain days or 
nights. Sporadic E occasionally prevents frequencies that normally pene- 
trate the E layer from reaching higher layers and also causes occasional 
long-distance transmission at very high frequencies. Some portion (perhaps 
the major part) of the sporadic-E ionization is ascribable to visible- and 
subvisible-wavelength bombardment of the atmosphere. 


Filayer: At heights of about 175 to 250 kilometers, it exists only during day- 
light. This layer occasionally is the reflecting region for high-frequency trans- 
mission, but usually oblique-incidence waves that penetrate the E layer also 
penetrate the F, layer to be reflected by the Fz layer. The F; layer introduces 
additional absorption of such waves. al 


Felayer: At heights of about 250 to 400 kilometers, Fe is the principal reflect- 
ing region for long-distance high-frequency communication. Height and 
ionization density vary diurnally, seasonally, and over the sunspot cycle. 
lonization does not follow the altitude of the sun in any simple fashion, since 
(at such extremely low air densities and molecular-collision rates) the 
medium can store received solar energy for many hours, and, by energy 
transformation, can even detach electrons during the night. At night, the Fy 
layer merges with the Fe layer at a height of about 300 kilometers. The 
absence of the F; layer, and reduction in absorption of the E layer, causes 
nighttime field intensities and noise to be generally higher than during 
daylight hours. 


As indicated to the right on Fig. 10, these layers are contained in a thick region 
throughout which ionization generally increases with height. The layers are 
said to exist where the ionization gradient is capable of refracting waves 
back to earth. Obliquely incident waves follow a curved path through the 
ionosphere due to gradual refraction or bending of the wave front. When 
attention need be given only to the end result, the process can be as- 
similated to a reflection. 


Depending on the ionization density at each layer, there is a critical or 
highest frequency f, at which the layer reflects a vertically incident wave. 
Frequencies higher than f, pass through the layer at vertical incidence. At 
oblique incidence, and distances such that the curvature of the earth and 
ionosphere can be neglected, the maximum usable frequency is given by 


(muf) = f..sec @ 
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High frequencies continued 
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Fig. 9—Single- and two-hop transmission paths due to E and F, layers. 
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Fig. 10—Schematic explanation of skip-signal zones. 
where 
(muf) = maximum usable frequency for the particular layer and distance 


@ = angle of incidence at reflecting layer 


At greater distances, curvature is taken into account by the modification 


(muf) = kf, sec 


where k is a correction factor that is a function of distance and vertical 
distribution of ionization. 


fe and height, and hence @¢ for a given distance, vary for each layer with 
local time of day, season, latitude, and throughout the eleven-year sunspot 
cycle. The various layers change in different ways with these parameters. 
In addition, ionization is subject to frequent abnormal variations. 


The loss at reflection for each layer is a minimum at the maximum usable fre- 
quency and increases rapidly for frequencies lower than maximum usable 
frequency. 


High frequencies travel from the transmitter to the receiver by reflection from 
the ionosphere and earth in one or more hops as indicated in Figs. 9 and 10. 
Additional reflections may occur along the path between the bottom edge of 
a higher layer and the top edge of a lower layer, the wave finally returning 
to earth near the receiver. , 


Fig. 9 illustrates single-hop transmission, Washington to Chicago, via the E 
layer (¢;). At higher frequencies over the same distance, single-hop trans- 
mission would be obtained via the Fe layer (2). Fig. 9 also shows two-hop 
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transmission, Washington to San Francisco, via the Fz layer (3). Fig. 10 
indicates transmission on a common frequency, (1) single-hop via’ E layer, 
Denver to Chicago, and, (2) single-hop via Fe, Denver to Washington, 
with, (3) the wave failing to reflect at higher angles, thus producing a skip 
region of no signal between Denver and Chicago. 


Actual transmission over long distances is more complex than indicated by 
Figs. 9 and 10, because the layer heights and critical frequencies differ with 
time (and hence longitude) and with latitude. Further, scattered reflections 
occur at the various surfaces. | 
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Fig. 11—Single-hop transmission at various frequencies. 
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High frequencies continued 


Maximum usable frequencies (muf) for single-hop transmission at various 
distances throughout the day are given in Fig. 11. These approximate values 
apply to latitude 39° N for the minimum years (1944 and 1954) and maximum 
years (1948 and 1958) of the sunspot cycle. Since the maximum usable 
frequency and layer heights change from month to month, the latest pre- 
dictions should be obtained whenever available. 


This information is published (in the form of contour diagrams, similar to 
Fig. 15, supplemented by nomograms) by the National Bureau of Standards 
in the U. S.A., and equivalent predictions are supplied by similar organizations 
in other countries. 


Preferably, operating frequencies should be selected from a specific fre- 
quency band that is bounded above and below by limits that are systemati- 
cally determinable for the transmission path under consideration. The 
recommended upper limit is called the optimum working frequency (owf) 
and is defined as 85 percent of the maximum usable frequency (muf). The 
85-percent limit provides some margin for. ionospheric irregularities and 
turbulence, as well .as_ statistical deviation of day-to-day ionospheric 
characteristics from the predicted monthly median value. So far as may be 
consistent with available frequency assignments, operation in reasonable 
proximity to the upper frequency limit is preferable, in order to reduce 
absorption loss. 


The lower limit of the normally available band of frequencies is called the 
lowest useful high frequency (luhf). Below this limit ionospheric absorption is 
likely to be excessive, and radiated-power requirements quite uneconomical. 
For a given path, season, and time, the (luhf) may be predicted by a system- 
atic graphical procedure. Unlike the (muf), the predicted (luhf) has to be 
corrected by a series of factors dependent on radiated power, directivity 
of transmitting and receiving antennas in azimuth and elevation, class of 
service, and presence of local noise sources. Available data include 
atmospheric-noise maps, field-intensity charts, contour diagrams for absorp- 
tion factors, and nomograms facilitating the computation. The procedure is 
formidable but worth while. 


The upper and lower frequency limits change continuously throughout the 
day, whereas it is ordinarily impractical to change operating frequencies 
correspondingly. Each operating frequency, therefore, should be selected 
to fall within the above limits for a substantial portion of the daily operating 
period. 


If the operating frequency already has been dictated by outside considera- 
tions, and if this frequency has been found to be safely below the maximum 
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High frequen cies continued 


usable frequency, then the same noise maps, absorption contours, nomo- 
grams, and correction factors (mentioned above) may be applied to the 
systematic statistical determination of a lowest required radiated power 
(Irrp), which will just suffice to maintain the specified grade of service. 


For single-hop transmission, frequencies should be selected on the basis of 
local time and other conditions existing at the midpoint of the path. In 
view of the layer heights and the fact that practical antennas do not 
Operate effectively below angles of about three degrees, single-hop trans- 
mission cannot be achieved for distances in excess of about 2500 miles 
(4000 kilometers) via Fe layer, or in excess of about 1250 miles (2000 kilo- 
meters). via the E layer. Multiple-hop transmission must occur for longer 
distances and, even at distances of less than 2500 miles, the major part of the 
received signal frequently arrives over a two- or more-hop path. In analyzing 
two-hop paths, each hop is treated separately and the lowest frequency 
required on either hop becomes the maximum usable frequency for the circuit. 


It is usually impossible to predict accurately the course of radio waves on 
circuits involving more than two hops because of the large number of possi- 
ble paths and the scattering that occurs at each reflection. When investigat- 
ing Fe-layer transmission for such long-distance circuits, it is customary to 
consider the conditions existing at points 2000 kilometers (1250 miles) along 
the path from each end as the points at which the maximum usable fre- 
quencies should be calculated. 


When investigating E-layer transmission, the corresponding control points 
are 1000 kilometers (620 miles) from each end. For practical purposes, 
F,-layer transmission (usually of minor importance) is lumped with E-layer 
transmission and evaluated at the same control points. 


Angles of departure and arrival 


Angles of departure and arrival are of importance in the design of high- 
frequency antenna systems. These angles, for single-hop transmission, are 
obtained from the geometry of a triangular path over a curved earth with 
the apex of the triangle placed at the virtual height assumed for the altitude 
of the reflection. Fig. 12 is a family of curves showing radiation angle for 
different distances. 


D = great-circle distance in statute miles 
H = virtual height of ionosphere layer in kilometers 
A = radiation angle in degrees 


@ = semiangle of reflection at ionosphere 
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High frequencies continued 


4 in degrees 
@ 
(oo) 


radiation angle 
6 ,) 
re) 


sDoeaeee ss 


100 
O=great-circle distance in statute miles 


Fig. 12—Single-reflection radiation angle 
and great-circle distance. 


Forecasts of high-frequency propagation 


In addition to forecasts for ionospheric disturbances, the Central Radio: 
Propagation Laboratories of, the National Bureau of Standards issues, 
monthly Basic Radio Propagation Predictions 3, months in advance used to: 
determine the optimum working frequencies for shortwave communication. 
Indication of the general nature of the CRPL data and a much abbreviated 
example of their use follows: 


Example, 

To determine working frequencies for use between San Francisco and 
Wellington, NZ: 

Method 


a. Place a transparent sheet over Fig. 13 and mark thereon the equator, a. 
line across the equator showing the meridian of time desired (viz., GCT or 
PST), and locations of San Francisco and Wellington. | 


b. Transfer sheet to Fig. 14, keeping equator lines of chart and transparency 
aligned. Slide from left to right until terminal points marked fall along a> 
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continued Forecasts of high-frequency propagation 
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Forecasts of high-frequency propagation continued 
Great Circle line. Sketch in this Great Circle between terminals and mark 
“control points’’ 2000 kilometers along this line from each end. 


c. Transfer sheet to Fig. 15, showing muf for transmission via the Fp» layer. 
Align equator as before. Slide sheet from left to right placing meridian line 
on time desired and record frequency contours at control points. This 
illustration assumes that radio waves are propagated over this path via 
the Fo layer. Eliminating all other considerations, 2 sets of frequencies, 
corresponding to the control points, are found as listed below, the lower 
of which is the (muf). The (muf), decreased by 15 percent, gives the ada 
working frequency (Fig. 16). | 


i wean tk: 
| i : ' i 
{ re iy ' 


Fig. 16—Maximum usable frequency. 


at San Francisco ~ 
control point 


optimum working 
frequency = 


at Wellington, N. Z. 
control point 


(2000 km from 


(2000 km from 


lower of 


GCT San Francisco) | Wellington) ~(muf) X 0.85 | 
0000 | 27.0 22.0 18.7) nen 
0400 25.6 22.0 187s 
0800 16.6 O97 8.3° ae 
1200 13.5 oN Vee ee 
1600 16.5 8.5 ie 
2000 17.7 20.8 


Transmission may also take. place via Wa hed avers: 


aa 


/ 


, 15.0. 


For he purpose of 


illustration only and without reference to the problem above, Figs. 17 and 18 
have been reproduced to show characteristics of the E and: sporadic- E 
layers. The complete detailed step- -by-step procedure, including | special 


considerations in the use of is method, are contained in the complete 
CRPL forecasts. 


continued Forecasts of high-frequency propagation 
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Forecasts of high-frequency propagation — continued 


minimum field 
0.085 
eubsolte point 


R ENS 


06 


180° 


Fig. 19—Field-intensity contours in microvolts/meter for 1 kilowatt radiated at 
6 megacycles. Azimuthal equidistant projection centered on station at 40 degrees 
south latitude. Time is noon of a June day during a sunspot-minimum year. 


Contour charts of field intensity* 


World-coverage field-intensity contours are useful for determining the 
strength of an interfering signal from a given transmitter, as compared with 
the wanted signal from another transmitter. A sample instance of such a 
field-intensity-contour chart is shown in Figs. 19 and 20. The field is given 
in microvolts/meter for a 1-kilowatt station at 6 megacycles. Fig. 19 is 
an azimuthal equidistant projection centered on the transmitter (periphery 
of figure represents antipodes). Fig. 20, at twice the scale, is centered on 


* For sets of field-intensity contour charts, see ‘High-Frequency Radio Propagation Charts for 
Sunspot Minimum and Sunspot Maximum,” Report CRPL—1-2, 3-1, National Bureau of Standards, 
Washington 25, D. C.; December 23, 1947. 
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Forecasts of high-frequency propagation continued 


Fig. 20—Field intensity at antipodes, drawn to twice the scale of Fig. 19. 


antipodes, but for a half-sphere only. These diagrams are useful in deter- 
mining the point on the surface of the earth where the field intensity is a 
minimum, the so-called dark spot. 


Great-circle calculations 


Mathematical method i Talew \eiewed 


Referring to Fig. 21, A and B are two places on the earth's surface the 
latitudes and longitudes of which are known. The angles X and Y at A 
and B of the great circle passing through the two places and the distance 
Z between A and B along the great circle can be calculated as follows: 
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Great-circle calculations = continued 
FAST TS BE NALIN RA 


B = place of greater latitude, i.e., nearer the pole, L4 = latitude of A, 
Lz = latitude of B, and C = difference of longitude between A and B, 
Then, 
sin Lge cos cee 
; Y—X wee 2 Acai By ecalte Cia a & 2 
an > = cot > ayy an Cor err nara 
cos ———— ii — 
2 2 
give the values of Seow and = 


north pole 
north pole 


equotor 


Fig. 21—Three globes representing 
points A and B both in the northern 
hemisphere, in opposite hemispheres, 
and both in the southern hemisphere. 
In all cases, L, = latitude of A. 
L, = latitude of B. C = difference 
of longitude. 
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Great-circle calculations continued 
DER RL NI ARENT BSL OT ALR ERIE VR AN SY 


from which 
MiNi ger A a 7 a 
2 2 2 2 


In the above formulas, north latitudes are taken as positive and south lati- 
tudes as negative. For example, if B is latitude 60° N and A is latitude 20° S, 


eS 
2 2 2 2 
Lakes Lia. N60 sale 20 omc OOlt 20s COMIne 
2 2 2 2 


If both places are in the.southern hemisphere and L p+ Ly is negative, it is 
simpler to call the place of greater south latitude B and to use the above 
method for calculating bearings from true south and to convert the results 
afterwards to bearings east of north. ; 


The distance Z (in degrees) along the great circle between A and B is given 
by the following: 


Z Lela Ax i wie, tfilere ys 
tan — = tan ——— sin sin 
2 2 2 2 


The angular distance Z (in degrees) between A and B may be converted to 
linear distance as follows: 


Z lin degrees) X 111.195 = kilometers 
Z (in degrees) X 69.093 = statute miles 
Z (in degrees) X 60.000 = nautical miles 


In multiplying, the minutes and seconds of arc must be expressed in decimals 
of a degree. For example, Z = 37° 45’ 36’’ becomes 37.755°. 


Example: Find the great-circle bearings at Brentwood, Long Island, Longi- 
tude 73° 15’ 10’” W, Latitude 40° 48’ 40’’ N, and at Rio de Janeiro, Brazil 
Longitude 43° 22’ 07’’ W, Latitude 22° 57’ 09’ S; and the great-circle distance 
in statute miles between the two points. 
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Great-circle calculations continued 
ELBA OE IEA ALTE. LETT LR BET BITE 
longitude | latitude | 
Brentwood 73° 15’ 10" W 40° 48’ 40’ N 
Rio de Janeiro 43° 22’ 07 W (—)22° 57’ 09’ S ba 
Cc 29° 53’ 03” 7? $17: 3t” la + La 
63° 45’ 49’” be — ba 
= 14° 56/ 31” oe + ba ge 55/ 45" all = be 31° 52! 54” 
log cot 14° 56’ 31” = 10.5737] log cot 14° 56’ 31” = 10.5737] 
plus log cos 31° 52’ 54” = 9.92898 plus log sin 31° 52’ 54’” = 9.72277 
0.50269 0.29648 
minus log sin 8° 55’ 45” = 9.19093 minus log cos 8° 55’ 45” = 9.99471 
y+x _ 
log tan az = 1.31176 log tan Seales 0.30177 
xX nee 
yee =-97°: 12'-26!! od = 63° 28’ 26” 


i} Y—xX 
Bearing at Brentwood = —— + —~— 


Y 
Bearing at Rio de Janeiro = ——— — —~— = 


= Y = 150° 40’ 52”” East of North 


23° 44’ 00" West of North 


Ls = La = 31° 52’ 54" 
2 
tae A = 87° 12’ 26” 
2 
Y—X 


—— = 63° 28’ 26” 


mIN 


log tan 31° 52’ 54” = 9.79379 


plus log sin 87° 12’ 26” = 9.99948 
9.79327 


minus log sin 63° 28’ 26” = 9.95170 


log tan = 9.84157 


= 34° 46’ 24” Z = 69° 32’ 48” 


69° 32’ 48” = 69.547° 


Linear distance = 69.547 X 69.093 = 4805.2 statute miles 
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Great-circle calculations continued 
CARIN EL OT PE TCE EI, 


Use of nomogram, Fig. 23* 


Note: Values near the ends of the nomogram scales of Fig. 23 are subject 
to error because the scales are compressed. If exact values are required 
in those regions, they should be calculated by means of the trigonometric 
formulas of the preceding section. 


Method: In Fig. 22, Z and S are the locations of the transmitting and receiving 
stations, where Z is the west and S the east end of the path. If a point lies 
in the southern hemisphere, its angle of latitude is always taken as _ negative. 
Northern-hemisphere latitudes are taken as positive. 


a. To obtain from Fig. 23 the great-circle distance ZS (short route): 


1. Draw a slant line from (lat Z — lat S) measured up from the bottom 
on the left-hand scale to (lat Z + lat S) measured down from the top 
on the right-hand scale. If (lat Z — lat S) or (lat Z + lat S$) is negative, 
regard it as positive. 


2. Determine the separation in longitude of the stations. Regard as positive. 
If the angle so obtained is greater than 180 degrees, then: subtract from 
360 degrees. Measure 
this angle along the bot- 
tom scale, and erect a 
vertical line to the slant 
line obtained in (1). 


3. From the intersection 
of the lines draw a hori- 
zontal line to the left- 
hand scale. This gives 
ZS in degrees. 


! = 62 2 @eP ep ae 


4. Convert the distance any SE VER TOON 


ZS to kilometers, miles, het! 
or nautical miles, by us- 
ing the scale at the 
bottom of Fig. 23. 


Note: The long great- 
circle route in degrees is 
simply 360 — ZS. The 
value will always be 
greater than 180 de- 
grees. Therefore, in Fig. 22—Diagram of transmission between points 
order to obtain the dis- cian he ee ceca : 


* Taken from Bureau of Standards Radio Propagation Prediction Charts. 
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Great-circle calculations continued 
ATELIER T ERE LL SSB YT AE EE PRE INS 


SO Be 2i8 [GoRkg og Cane eznu Oe ® 
degrees hush 
GO 8 So OO ORG ne ees ied ventanace 
ess. OF be Fy ee te Oe CERO Se I eee ee ye eee 
._ kilometers 
So Qa Gg @Q Cn rt * Bae 2 ad © a = Eek > Ve ak = aS 
thousands of 7M 8 OO © BG OO 
miles 
so] 2, a 2° fo] So ° Q ° se} 
thousands of = “ PY a o 7) 6 @ o ° 
nautical miles 
©2o0o0oeeoe eo 8 ClO 
esesgsgseses2R2RERBSFQ8 


_ degrees 


Fig. 23—Nomogram (after D’Ocagne) for obtaining great-circle distances, bearings, 
solar zenith angles, and latitude and longitude of transmission-control points. With 
conversion scale for various units. f 
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Great-circle calculations continued 
LAAT RI TA aS EN TOT ETT DL) 


tance in miles from the conversion scale, the value for the degrees in 
excess of 180 degrees is added to the value for 180 degrees. 


b. To obtain the bearing angle PZS (short route): 


1. Subtract the short-route distance ZS in degrees obtained in la) above 
from 90 degrees to get h. The value of h may be negative, but should 
always be regarded as positive. 


2. Draw a slant line from (lat Z — h) measured up from the bottom on the 
left-hand scale to (lat Z + h) measured down from the top on the right-hand 
scale. If (lat Z — h) or (lat Z + h) is negative, regard it as positive. 


3. From (90° — lat S) measured up from the bottom on the left-hand scale, 
draw a horizontal line until it intersects the previous slant line. 


4. From the point of intersection draw a vertical line to the bottom scale. 
This gives the bearing angle PZS. The angle may be either east or west of 
north, and must be determined by inspection of a map. 


¢. To obtain the bearing angle PSZ: 


1. Repeat steps (1), (2), (3), and (4) in (b) above, interchanging Z and S in 
all computations. The result obtained is the interior angle PSZ, in degrees. 


2. The bearing angle PSZ is 360 degrees minus the result obtained in (1) 
(as bearings are customarily given clockwise from due north). 


Note: The /ong-route bearing angle is:simply obtained by adding 180 degrees 
to the short-route value as determined in (b) or (c) above. 


d. To obtain the latitude of Q, the mid- or other point of the path (this 
calculation is in principle the converse of (b) above): 


1. Obtain ZQ in degrees. If Q is the midpoint of the path, ZQ will be equal 
to one-half ZS. lf Q is one of the 2000-kilometer control points, ZQ will 
be approximately 18 degrees, or ZS — 18°. 


2. Subtract ZQ from 90 degrees to get h’. If h’ is negative, regard it as 
positive. 


3. Draw a slant line from (lat Z — h’) measured up from the bottom on the 
left-hand scale, to (lat.Z + h’) measured down from the top on the right- 
hand scale. If (lat Z — h’) or (lat Z + h’) is negative, regard it as positive. 


4. From the bearing angle PZS (taken always as less than 180 degrees) 
measured to the right on the bottom scale, draw a vertical line to meet the 
above slant line. 


5. From this intersection draw a horizontal line to the left-hand scale. 
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Great-circle calculations = continued 
TEA TEE PL A 


6. Subtract the reading given from 90 degrees to give the latitude of Q. 
(If the answer is negative, then Q is in the southern hemisphere.) 


e. To obtain the longitude difference t’ between Z and Q (this calculation is 
in principle the converse of (a) above): 


1. Draw a straight line from (lat Z — lat Q) measured up from the bottom 
on the left-hand scale to (lat Z + lat Q) measured down from the top 
on the right-hand scale. If (lat Z — lat Q) or (lat Z + lat Q) is negative, 
regard it as positive. 


2. From the left-hand side, at ZQ, in degrees, draw a horizontal line to 
the above slant line. 


3. At the intersection drop a vertical line to the bottom scale, which gives 
t’ in degrees. 


Available maps and tables 


Great-circle initial courses and distances are conveniently determined by 
means of navigation tables such as 


a. Navigation Tables for Navigators and Aviators—HO No. 206. 
b. Dead-Reckoning Altitude and Azimuth Table—HO No. 211. 
c. Large Great-Circle Charts: 


HO Chart No. 1280—North Atlantic 
1281—South Atlantic 
1282—North Pacific 
1283—South Pacific 
1284—Indian Ocean 


The above tables and charts may be obtained at a nominal charge from 
United States Navy Department Hydrographic Office, Washington, D. C. 


lonospheric scatter propagation* 
A UR A A AE TPS RIES AE AD. RG ATT AS 


This type of transmission permits communication in the frequency range 
from approximately 25 to 60 megacycles and over distances from about 600 
to 1200 miles. It is believed that this type of propagation is due to scattering 
from the lower E layer of the ionosphere and that the useful bandwidth 
is restricted to less than 10 kilocycles. The greatest use for this type of 
transmission has been for printing-telegraph channels. 

* D. K. Bailey, R. Bateman, and R. C. Kirby, “Radio Transmission at VHF by Scattering and Other 


Processes in the Lower lonosphere,"” Proceedings of the IRE, volume 43, pages 1181-1231; 
October, 1955. 
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lonospheric scatter propagation continued 
RPT A TION TAS RE SLE SS 


The median attenuation over paths of between 800 and 1000 miles in 
length is about 80 decibels below free-space path attenuation at 30 mega- 
cycles and about 90 decibels below free-space value at 50 megacycles. 


Ultra-high-frequency line-of-sight conditions 
LA SS ETS YES IE EEE NTE EEL 


hp = receiving-antenna h; = transmitting- 


height in feet geometrical radio horizon antenna height 
“horizon” distance in feet 
iv. in miles __ in miles 
; vy 3 


120 


100: 
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Example shown: Height of receiving antenna 60 feet, height of transmitting antenna 500 feet, 
and maximum radio-path length = 41.5 miles. 


Fig. 24—Nomogram giving radio-horizon distance in miles when h, and h; are known. 
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Ultra-high-frequency line-of-sight conditions continued 
SS RE RL TA EOS RO EIT TE LI ETERS SET PETES LL ELLIE ON ACE LEE NEI S| 


Straight-line diagrams 


The index of refraction of the normal lower atmosphere (troposphere) 
decreases with height so that radio rays follow a curved path, slightly bent 
downward toward the earth. If the real earth is replaced by a fictitious 


tangential maximum _ transmitting-antenna 
geometrical radio-path height 
receiving-antenna height distance distance 
in miles hr = feet in miles in miles h:;=feet in miles 
Vv v v v 4 V 
4 16 
20,000 600 g0,000 
500 
3.5 18,000 14 
70,000 
3 16,000 12 
60,000 
14,000 500 
2.5 10 
12,000 400 Serena 
F sths110,000 40,000 + ® 
9000 400 
a5 000 
a 30,000 : 
fo 300 
6000 PS 
; 5000 eas 300 20,000 2 
NX 
4000 ee 3 
os 
3000 20 
0.5 Sa 10,000 2 
2000 
0.3 Nz000 
t 
0.2 1000 Robo 
100 - 
0.1 ay 100" Bone ae 
0.02 0.) 
0 = fe) fe) Q ie) 0 


Example shown: Height of receiving-antenna airplane 8500 feet (1.6 miles), height of transmitting- 
antenna airplane 4250 feet (0.8 mile); maximum radio-path distance = 220 miles. 


Fig. 25—Nomogram giving radio-path length and tangential distance for transmission 
between two airplanes at heights h, and h;. 
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Ultra-high-frequency line-of-sight conditions continued 


earth having an enlarged radius 4/3 times the earth’s true radius (3963 
4/3 = 5284 miles), the radio rays may be drawn on profiles as straight lines. 


The radio distance to effective horizon is given with a good approxima- 
tion by 


d = (2h)” 
where 


h = height in feet above sea level 
d = radio distance to effective horizon in miles 


when the height is very small compared to the earth's radius. 


Over a smooth earth, a transmitter antenna at height h; (feet) and a re- 
ceiving antenna at height h, (feet) are in radio line-of-sight provided the 
spacing in miles is less than (2h,)* + (2h,). 


The nomogram in Fig. 24 gives the radio-horizon distance between a trans- 
mitter at height h; and a receiver at height h,. Fig. 25 extends the first 
nomogram to give the maximum radio-path length between two airplanes 
whose altitudes are known. 


Path plotting and profile-chart construction 


Path plotting: When laying out a microwave system, it is usually convenient 
to plot the path on a profile chart. This chart is scaled to indicate the 
departure of the curvature of the earth from a straight line. Referring to 
Fig. 26, 


D? + R? = (h + R)? = h? + 2Rh + R? 


D? = h? + 2Rh 
where 

D = distance 

R = radius of earth 
h = altitude 

Since h<KR, 

D = (2Rh)”% 


and inserting the earth's radius, with R and D in | 
statute miles and h in feet, 


D ¢ X 3900 h)- Fig. 26—Straight line ¢ f 
= {- g- rai ine tangen 
§280 to earth's tebe? 4 
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continued 


Ultra-high-frequency line-of-sight conditions 


D = [(3/2)h]# 


h = (2/3)D2 


for true earth. Using 4/3-earth-radius correction factor, 


(2h) 2 


D = [(3/2)h]* (4/3)% 


h = D2/2 


Other radius correction factors can be calculated accordingly. 


miles 


Fig. 27—Typical 4/3-earth profile paper, 1000-foot scale. 


Profile paper: Using a 4/3-radius correction factor, the departure from a 


level tangent line is 


h = D?/2 


where symbols are as above. Using this formula, a template can be made 


For instance, if the 


horizontal scale is 10 miles/inch, the vertical scale 100 feet/inch, and a 


for convenient drawing of profile paper (Fig. 27). 
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Ultra-high-frequency line-of-sight conditions continued 
ESR NAA EB ESSE SVT I EIS TIS a 


width corresponding to 40 miles is desired, the following points may be 
plotted: 


distance distance 

from center from level 

(horizontal) (vertical) 
0 miles = 0 inches and 0 feet = 0 inches 
5 miles = 4 inch and 12% feet = 4% inch 
10 miles = 1 inch and 50 feet = 4 inch 
15 miles = 13 inches and 1123 feet = 14 inches 
20 miles = 2 inches and 200 feet = 2 inches 


A typical example of a template constructed according to these figures 
is given in Fig. 28. If it is desired to use a different scale than is provided 


distance in miles 


contour 


S 
o 
Se 
A= 
© 
5 2) 
=! 
= 
= 
) 


Fig. 28—Construction of a template for profile charts. Drawing is actual size. 


on available profile-chart paper; for example, if a 50-mile hop is to be 
plotted on 30-mile paper, then the scale of miles may be doubled to extend 
the range of the paper to 60 miles. The vertical scale in feet must then be 
quadrupled; i.e., 100-foot divisions become 400-foot divisions. (Fig. 27) 


Fresnel-zone clearance at uhf 


A criterion to determine whether the earth is sufficiently removed from 
the radio line-of-sight ray to allow mean free-space propagation conditions 
to apply is to have the first Fresnel zone clear all obstacles in the path of the 
rays. This first zone is bounded by points for which the transmission path 
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Ultra-high-frequency line-of-sight conditions continued 
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from transmitter to receiver is greater by one-half wavelength than the 
direct path. Let d be the length of the direct path and d; and dg be the 
distances to transmitter and receiver. The radius of the first Fresnel zone 
corresponding to de is approximately given by 

dide 


Ry = ’\ — 
d 


where all quantities are expressed in the same units. 


The maximum occurs when di = dg and is equal to 


= 4(\d)” 


Expressing d in miles and frequency F in megacycles/second, the first 
Fresnel-zone radius at half distance is given in feet by 


Rim = 1140(d/F)” 


While a fictitious earth of 4/3 of true earth radius is generally accepted 
for determining first Fresnel-zone clearance under normal refraction con- 
dition, unusual conditions that occur in the atmosphere occasionally may 
make it desirable to allow Fresnel clearance of a fictitious earth radius 
of as little as 2/3 of the true radius. 


Interference between direct and reflected uhf rays 


Where there is one reflected ray combining with the direct ray at the 
receiving point (Fig. 29), the resulting field strength (neglecting the difference 
in angles of arrival, and assuming perfect reflection at T) is related to the 
free-space intensity by the following equation, irrespective of the polariza- 
tion: 


E = 2E, sin 2r i 
2n 


(b) 


*hlectes ta 
J 


eee 
—— 


reflecting plan plane 


a5 


effective earth 


Fig. 29—Interference between direct and reflected rays. 
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where 


E = resulting field strength 
Eq = direct-ray field strength 


same units 
6 = geometrical length difference between direct and reflected paths, 
which is given to a close approximation by 


5 = 2hathar/d 


if hat and ha, are the heights of transmitter and receiver points above reflect- 
ing plane on effective earth. 


The following cases are of interest: 
E=0 for hathar = dd/2 

Eon 2E ge fOr nance, ON) 4 

E= Eq for hathar = dA/12 

In case ha: = her = h, 

E=0 fOr noe ic ie 

bu 267) Mort tN Al 
E=E£, ‘forh = 4dn7T2i4 


All of these formulas are written with the same units for all quantities. 


Space-diversity reception 


When ha; is varied, the field strength at the receiver varies approximately 
according to the preceding formula. The use of two antennas at different 
heights provides a means of compensating to a certain extent for changes 
in electrical-path differences between direct and reflected rays by selection 
of the stronger signal (space-diversity reception). 


The spacing should be approximately such as to give a A/2 variation be- 
tween geometrical-path differences in the two cases. An approximate value 
of the spacing is given by Ad/4ha: when all quantities are in the same units. 


The spacing in feet for d in miles, ha in feet, \ in centimeters, and f in 
megacycles is given by 

spacing = 43.4 d\d/hat 

Wo) O8 dita 
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Example: \ = 3 centimeters, d = 20 miles, and hg; = SO feet; therefore 
spacing = 52 feet 

Assuming har = hat, the total height of the receiving point in this case would 
be 70 + 50 + 52 = 172 feet 


The value 70 (minimum for line-of-sight) is obtained from Fig. 24. 


Variation of field strength with distance 


Fig. 30 shows the variation of resulting field strength with distance and fre- 
quency; this effect is due to interference between the free-space wave and 
the ground-reflected wave as these two components arrive in or out of 
phase. 


To compute the field accurately under these conditions, it is necessary to 
calculate the two components separately and to add them in correct phase 
relationship. The phase and amplitude of the reflected ray is determined by 
the geometry of the path and the change in magnitude and phase at ground 
reflection. For horizontally polarized waves, the reflection coefficient can 
be taken as approximately one, and the phase shift at reflection as 180 de- 
grees, for nearly all types of ground and angles of incidence. For vertically 
polarized waves, the reflection coefficient and phase shift vary appreciably 
with the ground constants and angle of incidence. (See Fig. 31 of “Antennas” 
chapter.) 


Measured field intensities usually show large deviations from point to point 
due to reflections from irregularities in the ground, buildings, trees, etc. 


Fading at ultra-high frequencies 


line-of-sight propagation at ultra-high frequencies is affected both by 
signal-strength variations due to multipath transmission and by bending of 
the beam due to abnormal variation of refractive index with height in the 
lower atmosphere. 


As previously noted, normal atmospheric refraction results in a moderate 
extension of the radio transmission path beyond the geometric horizon. It 
should be noted, however, that relatively stable and widespread departures 
from average refraction occur frequently and may be roughly predicted 
from a sufficiently detailed knowledge of local meteorological data. The 
atmospheric water-vapor gradient is of primary importance, with the 
vertical temperature gradient exerting a significant supplementary effect. 
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This can result either in a loss of signal on a line-of-sight path or in the 
production of ‘‘mirage” effects that may extend communication far beyond 
the normally expected range. The fading due to an upward bending of 
the beam may generally be minimized by allowing for Fresnel clearance 
over an earth of normal or perhaps reduced radius. The downward bending 
that results in interference to other systems in direct line can be minimized 


re} 


field strength in millivolts/meter 


distance itn miles 


antenna heights: 1000 feet, 30 feet 
power: 1 kilowatt 


ground constants: o = 5 X 107!4 emu 
e = 15 esu 
polarization: horizontal 


Fig. 30—Variation of resultant field strength with distance and frequency. For information 
on ultra-high-frequency propagation beyond the horizon, see pp. 739 and 757. 


Ultra-high-frequency line-of-sight conditions 
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continued 


by cross-polarizing the radiation on the interfering paths or eliminated by 
staggering the paths so that those on the same frequency are not in direct 


line. 


Multipath fading is largely due to interference with the direct path of 
signals reflected from layers of abnormal water-vapor or temperature 
gradient. Continuity of communication service is greatly improved by the 
use of either space or frequency diversity. 


For transmission paths of the order of 30 miles, good engineering practice 


should allow for possible in- 
creases of signal strength of +10 
decibels with respect to free- 
space propagation and should 
allow a fading margin depending 
on the degree of reliability de- 


sired in accordance with the 
following: 

10 decibels—90 percent 

20 decibels—99 percent 


30 decibels—99.9 percent 
40 decibels—99.99 percent 


Atmospheric absorption 


Oxygen and water vapor may 
absorb energy from a radio wave 
by virtue of the permanent elec- 
tric dipole moment of the water 
molecule and the permanent mag- 
netic dipole moment of the oxy- 
gen molecule. Fig. 31 shows the 
water-vapor absoprtion and oxy- 
gen absorption as a function of 
wavelength. The water-vapor ab- 
sorption curve is based on ex- 
tensive measurements centered 
about a wavelength of 1.3 centi- 
meters (frequency = 23,000 mega- 
cycles); the quantitative accuracy 
of the rest of this curve is less 


attenuation in decibels/kilometer 


fh 
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a 
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Fig. 31—Atmospheric absorpfion versus wave- 
length. The water-vapor curve is for 10 grams/ 
meter? (66 percent relative humidity at 18° 
centigrade) and the oxygen curve was taken 
on a sample of gas at 15 centimeters mercury 
pressure. 
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certain. The oxygen absoprtion rises to a maximum at 5 millimeters wave- 
length; this has been quantitatively verified by direct measurements. 
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Free-space attenuation 


Let the incoming wave be assimilated to a plane wave with a power flow 
per unit area equal to Po. The available power at the output terminals of 
a receiving antenna may be expressed as 


P, = A,Po 
where A, is the effective area of the receiving antenna. 
The free-space path attenuation is given by 

: Pe 
Attenuation = 10 log P. 


r 


where P; is the power radiated from the transmitting antenna (same units 
as for P,). Then 


P, — A,As 

Py a 22 

where 

A, = effective area of receiving antenna 
A: = effective area of transmitting antenna 
A = wavelength 


d = distance between antennas 


The length and surface units in the formula should be consistent. This is 
valid provided d >> 2a?/X, where a is the largest linear dimension of either 
of the antennas. 


Effective areas of typical antennas 


Hypothetical isotropic antenna (no heat loss) 


A= ty: = 0.08 d2 
rr 
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Small uniform-current dipole, short compared to wavelength (no heat loss) 


A= ay = 0.12 dr? 
87 


Half-wavelength dipole (no heat loss) 


A = 0.13 ? 


Parabolic reflector of aperture area S (here, the factor 0.54 is due to non- 
uniform illumination of the reflector) 


A = 0.54S 


Very long horn with small aperture dimensions compared to length 
A = 0.81 S$ 


Horn producing maximum field for given horn length 


A = 0455S 


The aperture sides of the horn are assumed to be large compared to the 
wavelength. 


Path attenuation between isotropic antennas 
This is 


: = 456 < 10°.fd? 


where 

f = megacycles/second 

d = miles 

Path attenuation @ (in decibels) is 
a = 37+ 2logf + 20 logd 


A nomogram for the solution of @ is given in Fig. 32. 
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Gain with respect to hypothetical isotropic antennas | 


Where directive antennas are used in place of isotropic antennas, the 
transmission formula becomes 


= distance = attenuation \ = wavelength f = frequency 
in kilometers in miles in decibels in centimeters in megacycles 
v v v Vv 
500 300 1 30,000 
400 
300 200 20,000 
2 
200 
100 3 10,000 
4 
100 5 
50 _-— 5000 
40 4000 
50 307 10 3000 
40 
30 20 2000 
20 
20 
10 30 1000 
40 
10 50 
5 500 
4 400 
5 3 100 300 
3 2 200 
200 
2 
1 300 100 


@% = 37 + 20 log f + 20 log d decibels 


Example shown: distance 30 miles, frequency 5000 megacycles; 
attenuation = 141 decibels 


Fig. 32—Nomogram for solution of path attenuation a between Isotropic antennas 
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B - 0.0, [2] 
P t P t_tisotropic 


where G; and G, are the power gains due to the directivity of the trans- 
mitting and receiving antennas, respectively. 


The apparent power gain is equal to the ratio of the effective area of the 


antenna to the effective area of the isotropic antenna (which is equal fo 
2/42 =0.08 02). 


The apparent power gain due to a parabolic reflector is thus 


6 = 0.54 (7) 
N 


where D is the aperture diameter, and an illumination factor of 0.54 is 
assumed. In decibels, this becomes 


ie — 20 log f + 20 log D — 52.6 
where 


= megacycles/second 
D = aperture diameter in feet 


The solution for Ga may be found in the nomogram, Fig. 33. 


The beam angle @ in degrees is related to the apparent power gain G ofa 
parabolic reflector with respect to isotropic antennas approximately by 


_ 27,000 
G 


62 


Since G = 5.5 X 10-® D?f?, the beam angle becomes 


7X 108 
{D 


9 
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where 


6 = beam angle between 3-decibel points in degrees 
f = frequency in megacycles 
D: = diameter of parabola in feet 


\ = wavelength f = frequency Ga = gain in D = reflector diameter 
in centimeters in megacycles decibels in meters _ in feet 
 / v Vv Vv 
I 30,000 
20,000 
20 
@ 60 
5 50 
> 10,000 40 
8000 10 
$ 30 
5 6000 7.5 
6 5000 20 
8 4000 5.0 
10 000 4.0 
ee, 
2000 2.5 8 
— 2.0 
5 5 
30 1000 4 
re 800 “ : 
50 600 0.75 
60 500 2 
80 400 0.50 
100 300 
J 
200 6:25 
200 
300 too 


10 log G = 20 log f + 20 log D — 52.6 
Example shown: Frequency 3000 megacycles, diameter 6 feet; gain = 32 decibels 


Fig. 33—Nomogram for determination of apparent power gain Gap (in. decibels) of a 
parabolic reflector. 
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Transmitter power for a required output signal/noise ratio 


Using the above expressions for path attenuation and reflector gain, the 
ratio of transmitted power to theoretical receiver noise, in decibels, is 
given by 


10 log = Ay + = + (nf) — G,— G, — {nif) 


where 


S/N = required signal/noise ratio at receiver in decibels 


(nf) = noise figure of receiver in decibels (see chapter “Radio noise and 
interference’ for definition) 


(nif) = noise improvement factor in decibels due to modulation methods 
where extra bandwidth is used to gain noise reduction (see chapter 
“Modulation’”’ for definition) 


P, 


theoretical noise power in receiver (see chapter “Radio noise 
and interference”) 


P; = radiated transmitter power 


G; = gain of transmitting antenna in decibels 


= 
I 


gain of receiving antenna in decibels 
Ap = path attenuation in decibels 
An equivalent way to compute the transmitter power for a required Output 


signal/noise ratio is given below directly in terms of reflector dimensions 
and system parameters: 


a. Normal free-space propagation, 


Bepiles BL? F S 
40 f'rtK N 


b. With allowance for fading, 
_ BiB BL? F s 
40 f2r4 rata Nz, 
¢. For multirelay transmission in n equal hops, 


p, = PiBe Blin F (Ss 
Me 40 PAK \N/,., 
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d. Signal/noise ratio for nonsimultaneous fading is 


10 log (S/N)n = 10 log o (S/Nlim — 10 log n 


where 
P, 


Bi 


Be 


~~ j(>-_ 


TNs 


power in watts available at transmitter output terminals (kept 
constant at each repeater point) 


loss power ratio (numerical) due to transmission line at trans- 
mitter 


same as (; at receiver 


root-mean-square bandwidth (generally approximated to band- 
width between 3-decibel attenuation points) in megacycles 


total length of transmission in miles 
carrier frequency in megacycles /second 


radius of parabolic reflectors in feet 


= power-ratio noise figure of receiver (a numerical factor; see 


S/N = 


(S/N) in 


(S/N) nm 
(S/N) 1m 
(S/N)n 
n 

m 


n 


ok 


chapter ‘Radio noise and interference’) 


improvement in signal/noise ratio due to the modulation utilized. 
For instance, K = 3m? for frequency modulation, where m is the 
ratio of maximum frequency deviation to maximum modulating 
frequency. Note that this is the numerical power ratio. 


numerical ratio between available signal power in case of 
normal propagation to available signal power in case of 
maximum expected fading 


required signal/noise power ratio at receiver 


minimum required signal/noise power ratio in case of maximum 
expected fading 


same as above in case of n hops, at repeater number n 
same as above at first repeater 

same as above at end of n hops 

number of equal hops 


= number of hops where fading occurs 


m 
n—m+ ion 
i 


ratio of available signal power for normal conditions to avail- 
able signal power in case of actual fading in hop number k 
(equation holds in case signal power is increased instead of 
decreased by abnormal propagation or reduced hop distance) 
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Passive reflectors distant from radiators 


In some cases where obstacles in the path prevent line-of-sight conditions, 
it is feasible to reflect the signal from one antenna to the other by means 
of a plane surface located in the beam. 


Under conditions in which the reflecting surface is at least 1000 feet from 
either antenna, the attenuation between the two radiators may be cal- 
culated by: 


(attenuation in decibels) = 10 log [1.25 & 10” (D,D2/A)?] 
where 
D,, Dz = distance in miles 


A = effective area of reflector 
in feet? 


D, X Dz in miles? 


= projected area normal to 
path 


Fig. 34 indicates the path attenuation 
between isotropic radiators for 
various common sizes of passive 
reflectors. 


Fig. 34—Use of a passive reflector distant 
from both antennas. 


Tropospheric scatter propagation 
SRE A LE EDS TSB SI LAT ETC LOS DR SIE EER RSE 


Weak but reliable fields are propagated several hundred miles beyond 
the horizon in the frequency band from about 40 to 4000 megacycles. The 
received power at these frequencies, and at points 30 miles or more 
beyond the horizon, is relatively independent of frequency and antenna 
height, but the hour-to-hour and day-to-day median carrier levels may be 
considerably influenced by atmospheric refraction. 


With beyond-the-horizon propagation at these frequencies, there are two 
types of fading: In one, the amplitude has Rayleigh distribution over short 
periods when the tropospheric conditions can be considered constant. 
This fast fading is due to the existence of several paths differing slightly 
in length and may be considerably reduced by the use of diversity. The 
second type of fading is much slower and is caused chiefly by variations 
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Tropospheric scatter propagation continued 


in the gradient of the refractive index of the atmosphere; this type of fading 
is little affected by diversity. 


Design Chart* 


A summary of several well-known factors and of propagation data available 
as of mid 1956 is given in Fig. 35 to facilitate the selection of equipment 
and for computing the carrier-to-noise ratio for tropospheric propagation 
beyond the horizon. Three sample computations are given in Fig. 36 to 
demonstrate the use of the appropriate curves to derive in an orderly 
fashion the necessary information. Certain data, such as antenna gain or 
receiver noise factor, may be available from other sources for the specific 
equipment to be used. The distribution of excess scatter loss Lay represents 
winter hourly medians in the temperate zone so that considerable signal 
increase may be expected under more-favorable meteorological conditions. 
The 50 percent Lyy curve is for the median value that will be exceeded 50 
percent of the time; or conversely, the design resulting from the use of this 
loss has a reliability of 50 percent. The additional margin required for 
a reliability of 99.9 percent is shown in the next to the bottom line of the 
table. 


To simplify Fig. 35, it was designed to be entered with 10dy; and 0.1Py». 


* Reprinted from: F. J. Altman, ‘Design Chart for Tropospheric Beyond-the-Horizon Propaga- 
tion,’”’ Electrical Communication, vol. 33, pp. 165-167; June, 1956. 
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Tropospheric scatter propagation continued 
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2 0 
3 
s 
20 
ay 
N 
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NY 
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80 100 200 300 400 600 800 1000 2000 3000 


frequency in megacycles = fing 

bandwidth in kilocycles = by¢ 

range in miles = fm; 

divide scale by 10 for antenna diameter in feet = 10d¢, 


multiply scale by |O for power in watts = 0.1 Py 


Fig. 35—Design chart for tropospheric scatter propagation. 
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‘Radio noise and interference 
Noise and its sources 


Noise and interference from other communication systems are two factors 
limiting the useful operating range of all radio equipment. 


The values of the main different sources of radio noise versus frequency 
are plotted in Fig. 1. 


Atmospheric noise is shown in Fig. 1 as the average peaks read on the 
indicating instrument of an ordinary field-intensity meter. This is lower 
than the true peaks of atmospheric noise. Man-made noise is shown as the 
peak values that would be read on the radio noise meters specified in 
proposed American Standards C63.2 and C63.3. Receiver and antenna 
noise is that obtained with an energy-averaging device such as a thermo- 
ammeter. 


Atmospheric noise 


This noise is produced mostly by lightning discharges in thunderstorms. 
The noise level is thus dependent on frequency, time of day, weather, 
season of the year, and geographical location. 


Subject to variations due to local stormy areas, noise generally decreases 
with increasing latitude on the surface of the globe. Noise is particularly 
severe during the rainy seasons in certain areas such as Caribbean, East 
Indies, equatorial Africa, northern India, etc. Fig. 1 shows median values of 
atmospheric noise for the U. S. A. and these values may be assumed to apply 
approximately to other regions lying between 30 and 50 degrees latitude 
north or south. 


Rough approximations for atmospheric noise in other regions may be ob- 
tained by multiplying the values of Fig. 1 by the following factors: 


nighttime daytime 
degrees of latitude 
100 kc/s 10 mec/s 100 ke/s 10 mc/s 
90-50 0.1 0.3 0.05 0.1 
50-30 1 ] ] 1 
30-10 2 2 3 2 
10— 0 5 4 6 3 


Atmospheric noise is the principal limitation of radio service on the lower 
frequencies. At frequencies above about 30 megacycles, the noise falls to 
levels generally lower than receiver noise. 


The peak amplitude of atmospheric noise usually may be assumed to be pro- 
portional to the square root of receiver bandwidth. 
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Noise and its sources continued 
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1. All curves assume a bandwidth of 10 kilocycles/second. 


2. Refer to Fig. 3 for converting man-made-noise curves to bandwidths greater than 10 kilo- 
cycles. For all other curves, noise amplitude varies as the square root of bandwidth. 


3. The curve of receiver noise shows the field intensities required to equal the receiver noise 
assuming 
a. The use of a half-wave-dipole antenna. 
b. A receiver noise level greater than the ideal receiver level by a factor varying from 
2 decibels at 50 megacycles to 9 decibels at 1000 megacycles. 


4, Transmission-line loss is not considered in the calculations. 


5. For antennas having a gain with respect to a half-wave dipole, equivalent noise-field 
intensities are less than indicated above in proportion to the net gain of the antenna- 
transmission-line combination. 


Fig. 1—Major sources of radio-frequency noise, showing amplitudes at various fre- 
quencies. For the U.S.A. and regions of similar latitude. 
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Noise and its sources continued 


Cosmic and solar noise* 


Fig. 2 shows the level of cosmic and solar noise relative to receiver noise 
when using a half-wave dipole. The noise levels shown in this figure refer 
to the following sources of cosmic and solar noise. 
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Fig. 2—Cosmic and solar noise levels for a half-wave-dipole receiving antenna. 


Galactic plane: Cosmic noise from the galactic plane in the direction of 
the center of the galaxy. The noise levels from other parts of the galactic 
plane are between 10-and 20 decibels below the levels given in Fig. 2. 


Quiet sun: Noise from the ‘quiet’ sun; that is, solar noise at times when 
there is little or no sunspot activity. 


Disturbed sun: Noise from the ‘‘disturbed” sun. The term disturbed refers 
to times of sunspot and solar-flare activity. 


Cassiopeia: Noise from a high-intensity discrete source of cosmic noise 
known as Cassiopeia. This is one of more than a hundred known discrete 
sources, each of which subtends an angle at the earth's surface of less 
than 30 minutes of angle. 


The levels of cosmic and solar noise received by an antenna directed at 
a noise source may be estimated by correcting the relative noise levels 
with a.half-wave dipole (from Fig. 2) for the receiving-antenna gain realized 
on the noise source. Since the galactic plane is an extended nonuniform 


* B. Lovell and J. A. Clegg, “Radio Astronomy,” John Wiley & Sons, Inc., New York, N. Y. 
Chapman and Hall, Limited, London England: 1952. Also, J. L. Pawsey and R. N. Bracewell; 
“Radio Astronomy,” Clarendon Press, Oxford, England; 1955. 
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noise source, free-space antenna gains cannot be realized and 10 to 15 
decibels is approximately the maximum antenna gain that can be realized 
here. However, on the sun and other discrete sources of cosmic noise, 
antenna gains of 50 decibels or more can be had. 


Man-made noise 


This includes interference produced by sources such as motorcar ignition, 
electric motors, electric switching gear, high-tension line leakage, dia- 
thermy, industrial-heating generators. The field intensity from these sources 
is greatest in densely populated and industrial areas. 


The nature of man-made noise is so variable that it is difficult to formulate a 
simple rule for converting 10-kilocycle-bandwidth receiver measurements to 
other bandwidth values. For instance, the amplitude of the field strength 
radiated by a diathermy device will be the same ina 100- as in a 10-kilocycle 
bandwidth receiver. Conversely, peak-noise field strength due to automobile 
ignition will be considerably greater with a 100- than with a 10-kilocycle 
bandwidth. According to the best available information, the peak field 
strengths of man-made noise (except diathermy and other narrow-band 
noise) increases as the receiver bandwidth is increased, substantially as 
shown in Fig. 3. 


The man-made noise curves in Fig. 1 show typical median values for the 
U.S.A. In accordance with statistical practice, median values are interpreted 
to mean that 50 percent of all sites will have lower noise levels than the 


multiplying factor 


10 100 1000 4000 
receiver bandwidth in kilocycles ce 


Fig. 3—Bandwidth factor. Multiply value of man-made noise from Fig. 1 by the 
factor above for receiver bandwidths greater than 10 kilocycles. 
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values of Fig. 1; 70 percent of all sites will have noise levels less than 1.9 
times these values; and 90 percent of all sites, less than 7 times these 
values. 


Thermal noise 


Thermal noise is caused by the thermal agitation of electrons in resistances.. 
let R = resistive component in ohms of an impedance Z. The mean-square 
value of thermal-noise voltage is given by 


E27 = 4RkT - Af 
where 
k = Boltzmann's constant = 1.38 & 10-3 joules/degree Kelvin 


T = absolute temperature in degrees Kelvin 
Af = bandwidth in cycles/second 


E = root-mean-square noise voltage 


The above equation assumes that thermal noise has a uniform distribution 
of power through the bandwidth Af. 


In case two impedances Z,; and Zz with resistive components R; and. Ro are 
in series at the same temperature, the square of the resulting root-mean- 
square voltage is the sum of the squares of the root-mean-square noise 
voltages generated in Z; and Zo; 


E2 — E,? + E.? —- 4 (Ry + Ro) ki Y Af 


In case the same impedances are in parallel at the same temperature, the 
resulting impedance Z is calculated as is usually done for alternating- 
current circuits, and the resistive component R of Z is then determined. The 
root-mean-square noise voltage is the same as it would be for a pure 
resistance R. 


It is customary in temperate climates to assign to T a value such that 
1.38T = 400, corresponding to about 17 degrees centigrade or 63 degrees 
Fahrenheit. Then 


E? = 1.6 X 10-%R - Af 


Noise in amplifiers 


The ultimate sensitivity of an amplifier is set by the noise inherent to its 
input stage. For discussians of the noise produced in electron tubes and in 
transistors, refer to the pertinent chapters. 
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Measurement for broadcast receivers* 


For standard broadcast receivers, the noise properties are determined by 
means of the equivalent noise sideband input (ensi). The receiver is con- 
nected as shown in Fig. 4. 


standard signal standard dummy antenna broadcast receiver 
generator under test 


Fig. 4—Measurement of equivalent noise sideband input of a broadcast receiver. 


Components of the standard dummy antenna are 


C, = 200 micromicrofarads 
Cy = 400 micromicrofarads 
L = 20 microhenries 


R = 400 ohms 

The equivalent noise sideband input 
(ensi) = m ExVP’,/P’s 

where 


E, = root-mean-square unmodulated carrier-input voltage 
m = degree of modulation of signal carrier at 400 cycles/second 
P’, = root-mean-square signal-power output when signal is applied 


P’,, = root-mean-square noise-power output when signal input is reduced 
to zero 


It is assumed that no appreciable noise is transferred from the signal gen- 
erator to the receiver, and that m is small enough for the receiver to operate 
without distortion. 


*“Standards on Radio ‘Receivers: Methods of Testing Broadcast Radio Receivers, 1938,” 
published by The Institute of Radio Engineers; 1942. 
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Noise figure of a receiver 


A more precise evaluation of the quality of a receiver as far as noise is 
concerned is obtained by means of its noise figure.* 


It should be clearly realized that the noise figure evaluates only the linear 
part of the receiver, i.e., up to the demodulator. 


signal generator receiver under test indicator calibrated to read 
r-f power 


Fig. 5—Measurement of the noise figure of a receiver. The receiver is considered 
as a 4-terminal network. Output refers to last intermediate-frequency stage. 


The equipment used for measuring noise figure is shown in Fig. 5. The 
incoming signal (applied to the receiver) is replaced by an unmodulated 
signal generator with 


Ro = internal resistive component 
= root-mean-square open-circuit carrier voitage 


E; 
E, = root-mean-square open-circuit noise voltage produced in signal 
generator 


Then 

Eee A kalo ko At. 

where 
k = Boltzmann's constant = 1.38 X 10-?3 joules/degree Kelvin 
To = temperature in degrees Kelvin 


Af’ = effective bandwidth of receiver (determined as below) 


If the receiver does not include any other source of noise, the ratio E?/E4 
is equal to the power carrier/noise ratio measured by the indicator: 


Ee OAT N: 


* The definition of the noise figure was first given by H. T. Friis, ‘Noise Figures of Radio 
Receivers,” Proceedings of the IRE, vol. 32, pp. 419-422; July, 1944. 
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The quantities E,?/4Ro and kT Af’ are called the available carrier and 
noise powers, respectively. 


The output carrier/noise power ratio measured in a resistance R may be 
considered as the ratio of an available carrier-output power P, to an avail- 
able noise-output power No. 


The noise figure F of the receiver is defined by 


meet P; 
Bees y, 
F= No Me ids aoe Fras rhe Paa 


Bee crant;, ART SR AP OKTG AT 


P,/P; = available gain G of the receiver 


P;1:1 = available power from the generator required to produce a carrier- 
to-noise ratio of one at the receiver output 


Noise figure is often expressed in decibels: 
Fay = 10 logio F 


Effective bandwidth Af’ of the receiver is 


Af’ = | G, df 


where G, is the differential available gain. Af’ is generally approximated to 
the bandwidth of the receiver between those points of the response showing 
a 3-decibel attenuation with respect to the center frequency. 


Noise figure of cascaded networks 


The over-all noise figure of two networks a and b in cascade (Fig. 6) is 


noise figure © Fy noise figure * Fy 


», avaiable gain = Gg e available gain = Gp 


network a network b 


Fig. 6—Over-all noise figure F,, of two networks, a and b, in cascade. 
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Fes = Fe + 


Ga 
provided Af, <. Ale’ 


The value of F is a measure of the quality of the input tubes of the circuits. 
Up to some 300 megacycles, noise figures of 2 to 4 have been obtained. 
From 3000 to 6000 megacycles, the noise figure varies between 10 and 40 
for the tubes at present available. It goes up to about 50 for 10,000-mega- 
cycle receivers. 


The additional noise due to external sources influencing real antennas 
(such as cosmic noise), may be accounted for by an apparent antenna 
temperature, bringing the available noise-power input to k Tg Af’ instead of 
N; = k To Af’ (the physical antenna resistance at temperature To is gen- 
erally negligible in high-frequency systems). The internal noise sources 
contribute (F — 1)N; as before, so that the new noise figure is given by 


F'N; = (F — IN; + k To Af’ 
F’ =F—1+7,/To 


The average temperature of the antenna for a 6-megacycle equipment is 
found to be 3000 degrees Kelvin, approximately. The contribution of external 
sources is thus of the order of 10, compared with a value of (F —.1) equal 
to 1 or 2, and becomes the limiting factor of reception. At 3000 megacycles, 
however, values of Ta may fall below To, while noise figures are of the 
order of 20. 


Noise improvement factor 


In case the receiver includes demodulation processes that produce a 
carrier/noise ratio improvement (nif), this improvement ratio must, of 
course, be considered when evaluating the carrier required to produce a 
desired output carrier/noise ratio. For a discussion of noise improvement 
factor in such systems as frequency. modulation and pulse demodulation, 
see the chapter “Modulation.” 


Measurement of external radio noise 


External noise fields, such as atmospheric, cosmic, and man-made, are 
measured in.the same way as radio-wave. field strengths, with the exception 
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that peak, rather than average, values of noise are usually of interest, and 
that the over-all band-pass action of the measuring apparatus must be 
accurately known in measuring noise.* When measuring noise varying over 
wide limits with time, such as atmospheric noise, it is generally best to 
employ automatic recorders. 


Interference effects in various systems 


Besides noise, the efficiency of radio-communication systems can be limited 
by the interference produced by other radio-communication systems. The 
amount of tolerable signal/interference ratio, and the determination of 
conditions for entirely satisfactory service, are necessary for the specifica- 
tion of the amount of harmonic and spurious frequencies that can be allowed 
in transmitter equipments, as well as for the correct spacing of adjacent 
channels. 


The following information has been extracted from “Final Acts of the 
International Telecommunication and Radio Conferences (Appendix 1),” 
Atlantic City, 1947. 


Available information is not sufficient to give reliable rules in the cases of 
frequency modulation, pulse emission, and television transmission. 


Simple telegraphy 


It is considered that satisfactory radiotelegraph service is provided when 
the radio-frequency interference power available in the receiver, averaged 
over a cycle when the amplitude of the interfering wave is at a maximum, 
- is at least 10 decibels below the available power of the desired signal 
averaged in the same manner, at the time when the desired signal is a 


minimum. 


In order to determine the amount of interference produced by one tele- 
~ graph channel on another, Figs. 7 and 8 will be found useful. 


Frequency-shift telegraphy and facsimile 


It is estimated that the interference level of — 10 decibels as recommended 


* For methods of measuring field strengths and, hence, noise, see "Standards on Radio Wave 
Propagation: Measuring Methods, 1942," published by. the Institute of Radio Engineers. For 
information on suitable circuits to obtain peak values, particularly with respect to man-made 
noise, see C. V. Agger, D. E. Foster, and C: S. Young, “Instruments and Methods of Measuring 
Radio Noise,” Electrical Engineering, vol. 59, pp. 178-192; March, 1940... 
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Fig. 7—Curves giv- 
ing the envelopes 
for Fourier spectra of 
the emission result- 
ing from several 
shapes of a single 
felegraph dot. For 
the upper curve the 
dot is taken to be 
rectangular and its 
length is 2 of the 
period T correspond- 
ing to the fundamen- 
tal dotting frequen- 
cy. The dotting 
speed in bauds is 
B= 1/t= 2/T. The 
bottom curve would 
result from the inser- 
tion of a filter witha 
pass band equal to 5 
units on the f/Bscale, 
and having a slope 
of 30 decibels/octave 
outside of the pass 
band. 


Fig. 8—Received 
power as a function 
of frequency sepa- 
ration between trans- 
mitter frequency and 
midband frequency 
of the receiver. 
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in the previous case will also be suitable for frequency-shift telegraphy and 


facsimile. 


Double-sideband telephony 


The multiplying factor for frequency separation between carriers as required 


for various ratios of signal/interference is given in the following table. 
This factor should be multiplied by the highest modulation frequency. 


The acceptance band of the receiving filters in cycles/second is assumed 
to be 2 X (highest modulation frequency) and the cutoff characteristic is 
assumed to have a slope of 30 decibels/octave. | 
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ratio of desired multiplying factor for various 
to interfering ratios of signal/interference 
carriers in 
decibels 20 db 30 db 40 db 50 db 
60 0 0 0 0 
50 0 0 0 0.60 
40 0 0 0.60 1.55 
30 0 0.60 1.55 1.85 
20 0.60 1.55 1.85 1.96 
10 tes fo3 1.85 1.96 2.00 
0 1.85 1.96 2.00 vies) 
— 10 1.96 2.00 2:55 2.85 
==20 2.00 2.55 2.85 3.2 
—30 2.55 2.85 2 3.6 
— 40 2.85 3.2 3.6 4.0 
aoe f 3.2 3.6 4.0 4.5 
= 60 3.6 4.0 4.5 §.1 
roa AY, 4.0 4.5 §.1 5.7 
— 80 4.5 §.1 §.7 6.4 
90) 5.1 5.7 6.4 7.2 
— 100 5.7 6.4 7.2 8.0 
Broadcasting 


As a result of a number of experiments, it is possible to set down the follow- 
ing results for carrier frequencies between 150 and 285 kilocycles/second 
and between 525 and 1560 kilocycles. 


frequency separation between|minimum ratio of desired and 


carriers in kilocycles interfering carriers in decibels 
11 Od 
10 6f 
9 14T 
8 26f 
5 lor less) 60T 
* extrapolated T experimental t interpolated 


These experimental results agree reasonably well with the theoretical 
results of the preceding table with a highest modulation frequency of 
about 4500 cycles/second, and with a signal/interference ratio of 50 
decibels. 


Single-sideband telephony 


Experience shows that the separation between adjacent channels need be 
only great enough to insure that the nearest frequency of the interfering 
signal is 40 decibels down on the receiver filter characteristic when due 
allowance has been made for the frequency instability of the carrier wave. 
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In superheterodyne receivers, where a nonlinear element is used to get a 
desired intermediate-frequency signal from the mixing of the incoming 
signal and a local-oscillator signal, interference from spurious external 
signals results in a number of undesired frequencies that may fall within 
the intermediate-frequency band. Likewise, when two local oscillators are 
mixed in a transmitter or receiver to produce a desired output frequency, 
several unwanted components are produced at the same time due to the 
imperfections of the mixer characteristic. The following tables show how 
the location of the spurious frequencies can be determined. 


Symbols 


fy = signal frequency (or first source) 


f,’ = spurious signal (f,’ = f for mixing local sources, but when dealing 
with a receiver, usually fy)’ # fy) 


fg = local-injection frequency (or second source) 
f. = desired mixer-output frequency 
f,’ = spurious mixer-output frequency 


k = m+ n = order of response, where m and n.are positive integers - 
Coincidence is where fy’ = f,; and fz,’ = f; 


Defining and coincidence equations 


mixing for difference frequency mixing for sum frequency 


type | defining equations | coincidence type | defining equations | coincidence 


| | f= +h — fh) a _mt+i| WV |&=h+h [8] na 
i ies op eee y ata ima fe’ = mfy! — ne ie 

To er eee ve _m=—1[v_ f= +h Hee 
ALES ere ray |i eae ae yah eat t he 

Tie VG ae fe _i—m| wv fp =f +h (*] 1— m 
f.’ = mf,’ + nfe Lote thd fe’ = mf’ + nfs fi joa. id 


In types | and Il, both f, and f,’ must use the same sign throughout. 


Types Ill and VI are relatively unimportant except whenm =n = 1, 
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Image (m = n = 1) 


kind of two local sources 
mixing receiver (f,’ = f,) (f’ = ft) 
fy’ Se + (2fe — f,) 
Difference = +(f; — 2f,) fo <<. fs fe’ = fy-t f 
= fy + 2f, fo > fy 
Sum fy’ = fy + 2fe 
= 2f, — fi f,’ = (fy — fa) 


Intermediate-frequency rejection must be provided for spurious signa’ 
fi’ = f, where m = 1, n = O. 


Selectivity equations 


For types |, Il, lV, and V only. When f,’ = f; 
When fz’ = fz (Ve cet 2 H } 
fy fy fy co 
Wh _ Ale _[h 
em . eh} fe! — fe Ma/fi) = [ta/ileo 
f, 1 + fe/f 


Where the coefficients and the + signs are 


2 : 
type A fo < fi fo > f; | Cc | + sign 
| n+ 1 A —A A — 
I! n—.] —A A —A _ 
IV ae il —A —A —A 45 
V n— 1 A A A + 


Variation of output frequency vs input-signal deviation 
For any type’ 
wy. = +m Af,’ 


Use the + or the — sign according to defining equation for type in question: 
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Table of spurious responses 


f l 
Type I coincidences: Re a pwhere ft’ = f, ondifi =a 


frequency ratio = [f./fiJco lowest order 


fraction | dectiialy reciprocal | ky | my ni highest orders 


W/1 1.000 1.000 2 1 1 | All even orders m = (See note b) 
8/9 0.889 1.125 SRS 
7/8 0.875 1.143 1S air Oal a? 
6/7 0.857 1.167 LY) 6 ees 
5/6 0.833 1.200 a eh 
4/5 0.800 1.250 7s BoM Bez | 
7/9 0.778 1.286 ae ce ern en ee 
3/4 | 0.750 1.333 Saheb ie clan 
5/7 0.714 1.400 TORY 49h 6 : 
7/10 | 0.700 1.429 15 6| 9 Ses tein! 2 os 
2/3 | 0.667 1.500 Supe 12 yee is { a 
5/8 0.625 1.600 1 A driaZ, I 
3/5.) 0600. |) Leszek otha ‘e rae 
4/7 0.571 1.750 914731, 6 " 
5/9 0.556 1.800 Fe Wa. 8 Vo 
6/11 | 0.545 1.833 15 | 5 
my = 1 [ =2 =—3 =4 
1/2 0.500 2.000 Va eeGalya ar eg {me ‘agg 


Types Il, IV, and V coincidences: For each ratio [fe/fileo there are also the 
following responses 


type | ok rm | n 
il 1w=k+4 my = my + 2 my = ny + 2 
IV w=k+2 mry = m + 2 ny = ny 
V ky =ky +2 My = my ny =n +2 
Notes: 


a. When fe > f1, use reciprocal column and interchange the values of m and n. 


b. At [fe/fileo = 1/1, additional important responses are 
type Il: m = 
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Chart of spurious responses 


m for types | and V 


n for types | and IV 
n for types Il and V 


m for types Il and IV 


Each circle represents a spurious response coincidence, where f,’ = f; and f,’ = f,. 


Example: Suppose two frequencies whose ratio is fe/f; = 0.12 are mixed 
to obtain the sum frequency. The spurious responses are found by laying 
a transparent straightedge on the chart, passing through the circle — 1, — 1 
and lying a little to the right of the line marked fo/fy = 0.10. It is observed 
that the straightedge passes near circles indicating the responses 


m= | = 2 = 2 

Type {" = 5 | o87 ee 
a'6 A 

Type V if 9 heen 


The actual frequencies of the responses fz or f;’ can be determined by 
substituting these coefficients m and n in the defining equations. 


| 
oO 
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— Broadcasting 


Introduction 


Radio broadcasting for public entertainment in the U.S.A. is at present of 
three general types. 


Standard broadcasting: Utilizing amplitude modulation in the 535-1605- 
kilocycle/second band. 


Frequency modulation: Broadcasting in the 88-108-megacycle/second 
band. 


Television broadcasting: Utilizing amplitude-modulated video and fre- 
quency-modulated aural transmission in the (low) 54-88-megacycle band, 
the (high) 174-216-megacycle band, and in the (ultra-high-frequency) 
470-890-megacycle band. 


There is also 


International broadcasting: On assigned frequencies in the region be- 
tween 6000 and 21,700 kilocycles in accordance with international agree- 
ment.™ 


Operation in these bands in the U.S.A. is subject to licensing and technical 
regulations of the Federal Communications Commission. 


Selected administrative and technical information and rules from F.C.C. 
publications applicable to each of these broadcast applications are given 
in this chapter. 


General reference: ‘Rules Governing Radio Broadcast Services,” Subparts 
A through G; January, 1956; Federal Communications Commission, Washing- 
fon, DoS 


Standard broadcastingt{ 


Standard-broadcast stations are licensed for operation on 10-kilocycle- 
spaced channels occupying the band 535-1605 kilocycles, inclusive, and are 
classified as indicated in Fig. 1. 


* A more detailed explanation of international broadcasting frequency assignments and 
requirements is given in the chapter ‘Frequency data." 

T See “Standards of Good Engineering Practice Concerning Standard Broadcast Stations 
August 1, 1939, revised to Oct. 30, 1947," Federal Communications Commission, Washington, 
D. C.; and, “Rules Governing Radio Broadcast Services," Subpart A; January, 1956. 
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Standard broadcasting continued 


Fig. 1—Classification of standard-broadcast stations.* 


signal-intensity contour in 
microvolts/meter of area protected 
from objectionable interference 


class class permissible 
of of normal power in dayt 
station | channel service kilowatts (ground-wave) night 
la Clear Primary and | 50 SC = 100 Not duplicated 
secondary AC = 500 
Ib Clear Primary and | 10 to 50 SC = 100 500 
secondary AC = 500 (50% sky wave) 
I Clear Primary 0.25 to 50 500 2500 
(Ground wave) 
III-A Regional | Primary lto § 500 2500 
(Ground wave) 
III-B Regional | Primary Night = 0.5 to 1 | 500 4000 
Day =5 (Ground wave) 
IV Local Primary 0.1 to 0.25 500 4000 


(Ground wave) 


* Taken from "Rules Governing Radio Broadcast Services,” Subpart A; January, 1956. Federal 
Communications Commission, Washington, D. C. 
7 SC = same channel, AC = adjacent channel. 


Field-intensity requirements 


Primary service 


City business, factory areas: 10 to 50 millivolts/meter, ground wave 
City residential areas: | 2 to 10 millivolts/meter, ground wave 
Rural areas: 0.1 to 1.0 millivolt /meter, ground wave 


Secondary service 


All areas having sky-wave field intensity greater than 500 microvolts/meter 
for 50 percent or more of the time. 


Coverage data 


The charts of Figs. 2-4 show computed values of ground-wave field intensity 
as a function of the distance from the transmitting antenna. These are used 
for the determination of coverage and interference. They were computed 
for the frequencies indicated, a dielectric constant equal to 15 for ground 
and 80 for sea water (referred to air as unity), and for the surface con- 
ductivities noted. The curves are for radiation from a short vertical antenna 
at the surface of a uniformly conductive spherical earth, with an antenna 
power and efficiency such that the inverse-distance field is 100 millivolts/meter 
at one mile. 
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miles from antenna 
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Fig. 2—Ground-wave field intensity plotted against distance. Computed for 550 kilo- 
cycles. Dielectric constant = 15. Ground-conductivity values above are emu X 1014, 
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Standard broadcasting continued 


field strength in millivolts/meter 


miles from antenna 


0.l 0.2 03 0405 LO 15.2 5 10 20 


~~ . = = SS SS SS ee ee ee eee 


SSaes i= 
ES 


hy 
(a 


Ht CT gl 


SOS ame 
Are NN Baa 

KS SSS 
NN ~— 


Se 


aS GE ee es Ge) Ok! SES SS EE) Se Vamcey Meee LeU Geen ee Gee, GR. erm, 


) 
j 
f 
ri] 
j 
( 
y) 
AW 
y 
| 
j 
af 


SEmnaniimam \\\\ate 


lO I5 20 304050 lOO 150 200 SOO 1000 2000 


miles from antenna 
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cycles. Dielectric constant = 15. Ground-conductivity values above are emu X 10%, 
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RSS A ET 


The table of Fig. 5 gives data on ground inductivity and conductivity in 
the U.S.A. 


Station performance requirements 
Operation is maintained in accordance with the following specifications. 


Modulation: Amplitude modulation of at least 85 to 95 percent. 
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Fig. 4—Ground-wave field intensity plotted against distance. Computed for 1600 kilo- 
cycles. Dielectric constant = 15. Ground-conductivity values above are emu X 101¢, 
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Standard broadcasting continued 


Audio-frequency distortion: Harmonics less than 5 percent arithmetical sum 
Or root-mean-square amplitude up to 85 percent modulation; less than 
7.5 percent for 85 to 95 percent modulation. 


Audio-frequency response: Transmission characteristic flat between 100 and 
5000 cycles to within 2 decibels, referred to 1000 cycles. 


Noise: At least 50 decibels, unweighted, below 100 percent modulation 
for the frequency band 150 to 5000 cycles, and at least 40 decibels down 


outside this range. 


Carrier-frequency stability: Within 20 cycles of assigned frequency. 


Fig. 5—Electrical characteristics of various types of terrain.* 


inductivity absorption factor 
referred to | conductivity at 50 miles, 
type of terrain air = 1 in emu 1000 kilocyclesf 
Sea water, minimum attenuation 81 4.64 & 1071! 1.0 
Pastoral, low hills, rich soil, typical of 
Dallas, Texas; Lincoln, Nebraska; and 
Wolf Point, Montana, areas 20 3 10-4 0.50 
Pastoral, low hills, rich soil, typical of Ohio 
and Illinois 14 102% 0.17 
Flat country, marshy, densely wooded, 
typical of Louisiana near Mississippi River 12 7a 100 0.13 
Pastoral, medium hills, and forestation, 
typical of Maryland, Pennsylvania, New 
York, exclusive of mountainous territory 
and sea coasts 13 6 X 10-* 0.09 
Pastoral, medium hills, and forestation, 
heavy clay soil, typical of central Virginia 13 4X04 0.05 
Rocky soil, steep hills, typical of New 
England. 14 2 eho 0.025 
Sandy, dry, flat, typical of coastal country 10 Boxe 105 +8 0.024 
City, industrial areas, average attenuation 5 10-4 0.011 
City, industrial areas, maximum attenuation 3 10738 0.003 


* From “Standards of Good Engineering Practice Concerning Standard Broadcasting, August I, 
1939, revised October 30, 1947,” Federal Communications Commission, Washington, D.C. 

{ This figure is stated for comparison purposes in order to indicate at a glance which values 
of conductivity and inductivity represent the higher absorption. It is the ratio between field 
intensity obtained with the soil constants given and with no absorption. 
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Frequency modulation* 


Frequency-modulation broadcasting stations are authorized for operation 
on 100 allocated channels each 200 kilocycles wide extending consecutively 
from channel No. 201 on 88.1 megacycles to No. 300 on 107.9 megacycles. 


Commercial broadcasting is authorized on channels No. 221 (92.1 mega- 
cycles) through No. 300. Noncommercial educational broadcasting is 
licensed on channels No. 201 through 220 (89.9 megacycles). 


Station service classification 


Class-A stations: Render service primarily to communities other than the 
principal city of an area. Provide coverage equivalent of effective rated 
power of | kilowatt and an antenna height of 250 feet. Class-A channel. 


Class-B stations: Render service primarily to a metropolitan district or 
principal city and its surrounding rural area, or to primarily rural areas. 
In FM Area I, which includes New England and the North- and Middle- 
Atlantic-states areas, they are licensed for a coverage of not more than 
20 kilowatts equivalent effective rated power and 300 feet minimum, 500 
feet maximum, effective antenna height. In FM Area IJ (balance of U.S.A. 
outside of Area I), class-B stations are licensed for same coverage as 
class-A stations. However, greater coverage is encouraged where it would 
not result in undue interference to existing or probable assignments. 


Coverage data 


The frequency-modulation broadcasting service area is considered to be 
only that served by the ground wave. The median field intensity considered 
necessary for adequate service in city, business, or factory areas is | milli- 
volt/meter; in rural areas, 50 microvolts/meter is specified. A median field 
intensity of 3000 to 5000 microvolts/meter is specified for the principal city 
‘to be served. The curves of Fig. 6 give data for determination of fm broad- 
-cast-station coverage as a function of rated power and antenna height. 


‘Objectionable interference from other stations may limit the service area. 
Such interference is considered by the F.C.C. to exist when the ratio of 
desired to undesired signal values is as follows: 


Same channel: 10/1 


* See “Rules Governing Radio Broadcast Services,” Part 3, Subparts B and C; January, 198s 
Federal Communications Commission, Washington, D. C, 
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Frequency modulation continued 


Adjacent channel (200-kc/s separation): 2/1 


(400-kc/s separation): 1/10 
(600-kc/s separation): 1/100 
(2 800-kc/s separation): No restriction 


Values are ground-wave median field for the desired signal, and the 
tropospheric-signal intensity exceeded for 1 percent of the time for the 
undesired signal. It is considered that stations having alternate-channel 
spacing (400-kilocycle separation) may be operated in the same coverage 
area without objectionable mutual interference. 


kilowatts 


\OOO0P00 


microvolts /meter 


100,000 


QQ ql 
STH 


10,000 


1,000 


microvolts/meter for 1 kilowatt radiated power 


100 


100 500 1,000 5,000 10,000 


transmitting antenna height in feet 


Fig. 6—Ground-wave signal range for frequency-modulation broadcasting band, 
98 megacycles. Conductivity = 5 X 107 emu, and dielectric constant = 15. Receiv- 
ing-antenna height = 30 feet. For horizontal (and approximately for vertical) 
polarization. These curves do not represent the best available propagation data. How- 
ever, they are used to estimate expected coverage by a station filing for a license. It is 
recommended that Fig. 12 be used as a better engineering approximation. 
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Frequency modulation continued 


Station performance requirements 


Operation is maintained in accord- 
ance with the following specifica- 
tions. 


decibels 


Audio-frequency response: Transmit- 
ting system capable of transmitting 
the band of frequencies 50 to 15,000 ect 
cycles. Pre-emphasis employed and 
response maintained within limits 
shown by curves of Fig. 7. 


EP RE RAS SE SESE ees 
Ha sk SS a PD ew 


PVD SINS SST STS 15 Va) 


Audio-frequency distortion: Be + 
Maximum combined audiofrequency ; et 
harmonic root-mean-square voltage -« LHfll__1 1 
50 100 1,000 10,000 15,000 
in system output less than as shown 
cycles/second 
below. 
Fig. 7—Standard pre-emphasis curve for 
frequency-modulation and_ television 
aural broadcasting. Time constant = 75 
microseconds (solid line). Frequency- 
response limits are set by the two lines. 
modulating frequency percent 
in cycles/second harmonic 
§0—100 335 
100-7500 2.5 
7500-15000 3.0 


Power output: Standard transmitter power output ratings are 10 watts for 
noncommercial stations, 250 watts, 1, 3, 5, 10, 25, 50, and 100 kilowatts. 


Modulation: Frequency modulation with a modulating capability of 100 per- 
cent corresponding to a frequency swing of +75 kilocycles. 


Noise: 


FM—lIn the band 50 to 15,000 cycles, at least 60 decibels below 100-percent 
swing at 400-cycle modulating frequency. : 


AM—lIn the band 50 to 15,000 cycles, at least 50 decibels below level 
representing 100-percent amplitude modulation. 


Center-frequency stability: Within +2000 cycles of assigned frequency. 


Antenna polarization: Horizontal. 
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Television broadcasting* 


Channel designations 


Television-broadcast stations are authorized for commercial Operation on 
83 channels designated as in Fig. 8. 


Fig. 8—Numerical designation of television channels. 


channel band channel band channel band 
number mc/s number mc/s number mc/s 

Z 54-60 29 560-566 57 728-734 

3 60-66 30 566-572 58 734-740 

4 66-72 31 572-578 59 740-746 

5 76-82 32 578-584 60 746-752 

6 82-88 3a §84—590 6] 752-758 

f 174-180 34 590-596 62 758-764 

8 180-186 oo 596—602 63 764-770 

9 186-192 36 602-608 64 770-776 
10 192-198 37 608-614 65 776-782 
1] 198—204 38 614—620 66 782-788 
12 204-210 39 620—626 67 788-794 
13 210-216 40 626—632 68 794—800 
14 470—476 4] 632-638 69 800-806 
15 476—482 42 638-644 70 806-812 
16 482—488 43 644-650 fa 812-818 
17 488—494 44 650—656 72 818-824 
18 494-500 45 656—662 73 824—830 
19 500-506 46 662-668 74 830-836 
20 . --»§06—512 47 668-674 75 836-842 
21 §12-518 48 674—680 76 842-848 
22 i §18—524 49 680—686 ie 848-854 
23 -  §24—530 50 686-692 78 854-860 
24 530—536 51 692-698 ip 860-866 
25 §36—542 §2 698-704 80 866-872 
26 542-548 53 704-710 81 872-878 
ah «48-554 54 710-716 82 878-884 
28 §54—560 oS 716-722 83 884-890 

56 722-728 


Coverage data 


Assignment of channels to specific areas has been made by the F.C.C. in 
such a manner as to facilitate maximum interference-free coverage within 
the available frequency spectrum. The radiated power of a _ particular 
station is fixed by several considerations. 


Minimum power is 100 watts effective visual radiated power. No minimum 
antenna height is specified. 


* See ‘Rules Governing Radio Broadcast Service,” Part 3, Subpart E; January, 1956: Federal 
Communications Commission, Washington, D. C. 
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Television broadcasting — continued 
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Interference: To avoid cochannel and adjacent-channel interference, a 
table of the channels assigned to listed communities in the United States has 
been designated in the referenced rules of the Federal Communications 
Commission. 


Maximum power: (See Figs. 10 and 11.) Except as limited by antenna heights 
in excess of 1000 feet in TV Zone J and antenna heights in excess of 2000 
feet in TV Zones IJ and III, the maximum visual estimated radiated power 
in decibels above | kilowatt is: 


channel | maximum power 
2-6 20 decibels = 100 kilowatts 
7-13 25 decibels = 316 kilowatts 
14-83 30 decibels = 1000 kilowatts 


TT 
Hn 


tn 
fe} 
ce} 

maximum power in kilowatts 


minimum power in decibels above | kilowatt 


100 200 300 500 700 1000 2000 3000 5000 
antenna height above average terrain 


Fig. 9—Minimum television-station power in relation to population. 


continued Television broadcasting 


maximum power in kilowatts 


maximum power in kilowatts 
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maximum power in decibels above | kilowatt 


versus 


television-station power 


11—Maximum 


antenna height for TV Zones Il and Iil. 


Fig. 


fation power versus 


ision-s 


telev 
antenna height for TV Zone I. 


Fig. 
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Television broadcasting = continued 
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Grade of service: Two grades of service are designated Grade A and 
Grade B. The signal strength (in decibels above | microvolt/meter) specified 
for each service is: 


channel | Grade A | Grade B 
2-6 68 decibels = 2510 microvolts | 47 decibels = 224 microvolts 
7-13 | 71 decibels = 3550 microvolts | 56 decibels = 631 microvolts 
14-83 | 74 decibels = 5010 microvolts | 64 decibels = 1585 microvolts 


Transmitter location: The transmitter location must be so chosen that on 
the basis of effective radiated power and antenna height, the following 


kilowatts 


1 510 50 100 
el s 
Se] Sas 
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at 
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Fig. 12—Ground-wave signal range for television channels 2-6 and 14-83. Conductivity 
= 5 X 104 emu, and dielectric constant = 15. Receiving-antenna height = 30 feet. 
For horizontal (and approximately for vertical) polarization. 
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Television broadcasting continued 


minimum field intensity in decibels above 1 microvolt/meter will be pro- 
vided over the principal community to be served. 


channel signal 
2-6 74 decibels = 5010 microvolts 
7-13 77 decibels = 7080 microvolts 
14-83 80 decibels = 10,000 microvolts 


The curves of Figs. 12 and 13 give coverage distance through the allocated 
television-frequency bands as a function of radiated power and antenna 
height. 


kilowatts 
| 510 50 100 


1,000,000 Se ES ES Oe ee Ses ee ee I a = 
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Fig. 13—-Ground-wave signal range for television channels 7-13, Conductivity = 5 
10-4 emu, and dielectric constant = 15. Receiving-antenna height = 30 feet. For hori- 
zontal (and approximately for vertical) polarization. : 
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Television broadcasting continued 


Over-all station performance requirements 


F.C.C. television standards are 

Channel width: 6 megacycles/second. 

Picture carrier location: 1.25 megacycles above lower boundary of the 
channel. 


Aural center frequency: 4.5 megacycles above visual carrier. 


Polarization of radiation: Horizontal. 


Modulation: Amplitude-modulated composite picture and synchronizing 
signal on visual carrier, together with frequency-modulated audio signal 
on aural carrier shall be included in a single television channel (Figs. 14 
and 15). 


Fig. 14—Radio-frequency ampli- ¢ »= 1.0 sl 34 io 
e e eo @ Pad ° = 4 a& cy | Sc 
tude characteristic of television 2% — 5 See 13 
picture transmission. Field in- ‘x 2 || et 6 8 3 Ig 
tensity at points A shall not ex- rah as é| S3e 's 
7! E> 0 Py v=| 2 
ceed 20 decibels below picture Ose a I'S 
carrier. Drawing not to scale. ZEo tg 
o 
tee 3 
tes 
ABs 4 eA 
OL 
2 aa | é 


pad 
wo 
(6) 
AN 
a 
wa 
25 
[ 
re) 
a 


4,5m¢ 


6 me 


channel frequency spectrum in megacycles 
referred to lower frequency limit of channel 


Visual transmission requirements 


Modulation: Amplitude modulation. 
Polarization: Horizontal. 


Polarity of transmission; Negative—a decrease in initial light intensity 
causes an increase in radiated power. 


Transmitter brightness response: For monochrome transmission, radio- 
frequency output varies in an inverse logarithmic relation to the brightness 
of the scene. 


Aural-transmitter power: Maximum radiated power is 70 percent (minimum, 
50 percent) of peak visual-transmitter power. 
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Television broadcasting continued 
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Scanning lines: 525 lines/frame interlaced two to one. 


Scanning sequence: Horizontal from left to right, vertically from top to 
bottom. 


Horizontal scanning frequency: 15,750 for monochrome or 2/455 times 
chrominance subcarrier frequency (15,734.264 +0.044 cycles/second). 


Vertical scanning frequency: 60 cycles/second for monochrome or 2/525 
times the horizontal scanning frequency (59.94 cycles/second) for color. 


Aspect ratio: 4 units horizontal, 3 units vertical. 


Chrominance subcarrier frequency: 3.579545 megacycles +10 cycles/ 
second. 


Reference black level: Black level is separated from the blanking level by 
7.5 42.5 percent of the video range from blanking level to reference white 
level. 


Reference white level: Luminance signal of reference white is 12.5 +2.5 
percent of peak carrier. 


Peak-to-peak variation: Total permissible peak-to-peak variation in one 
frame due to all causes is less than 5 percent. 


Color signal: The equation of the complete color signal is: 


Ey = Ey’ + EQ’ sin (wt + 33°) + E,’ cos (wt + 33°) 


where 
Peet O41, (Ean Fer 048 Mee ES 
tte a) O07 (bn!) 1Ey -0.74 IE,’ — Ey’) 


Ey’ = + 0.30E,’ + 0.59E,’ + 0.11E,’ 


For color-difference frequencies below 500 kilocycles, the signal can be 
represented by: 


Eu = soa a ‘awl ae (E3" = Fy) sin wt > (En — Ee cos wi} 


The symbols have the following significance: 


Ex = total video voltage, corresponding to the scanning of a particular 
picture element applied to the modulator of the picture transmitter. 
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Television broadcasting 


continued 


pulse pulse pulse 
peer PAStetNOns pinterval, 
max corrier 
voltage ae 
blanking > 
level ks + le a 0.5H 
las | 
lack tevel— — 
reference V n SH oH le 3H—>| 
white level i ¥ ie \h 302H +H 
4 ite MN TE fied (ipa = 
zero cerrier—p> 
| vertical blanking 0.O7V -0 
picture- (see notes 3and 5) 
hor blonking bottom of picture 
time —> 


equalizing vert sync equalizing 


oe 


Notes: 

1. H = time from start of one line to start 
of next line. 

2. V = time from start of one field to start 
of next field. 

3. Leading and trailing edges of vertical 
blanking should be complete in less than 
0.1H. 

4. Leading and trailing shapes of horizontal 


blanking must be steep enough to pre- 
serve minimum and maximum values of 
(x -+ y) and z under all conditions of 
picture content. 


. Dimensions marked with an asterisk indi- 


cate that tolerances given are permitted 
only for long-time variations, and not for 
successive cycles. 


. Equalizing pulse area shall be between 


0.45 and 0.5 of the area of a horizontal 
synchronizing pulse. 


+0.01V* 


10. 


11. 


horizontal sync pulses 


at 


(0.075+0.025)P 


(0.075 +40.025)C 
(0.125+0.025)C 


i@-top of picture 


. Color burst follows each horizontal pulse 


but is omitted following the equalizing 
pulses and during the broad vertical 
pulses. 


. Color bursts to be omitted during mono- 


chrome transmission. 


The burst frequency shall be 3.579545 
megacycles. The tolerance on the fre- 
quency shall be +10 cycles with a maxi- 
mum rate of change of frequency not to 
exceed 1/10 cycle/second/second. 


The horizontal scanning frequency shall 
be 2/455 times the burst frequency. 


The dimensions specified for the burst de- 
termine the times of starting and stopping 
the burst but not its phase. The color 
burst consists of amplitude modulation of 
a continuous sine wave. 


Fig. 15—(Above and at right.) Television composite-signal waveferm data. 
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Television broadcasting continued 
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H 


color burst 


front porch see note 8 


hor sync 


(z)O0.18H max bock porch 


blonking see note 4 


fevel 


rear slope of vertical blanking 


see note 3 \ 
reference 
OE es oe NN —— — 


zero carrier 


C—Detail between 3-3 in B 1/10 of max blanking 5 5 


0.004H max 0.004H max 


0.004H mox 


0.004H max 0.004H mox 


— __ 9/10 of max 
sync 


1/10 of mox 
¥ sync 


0.04H see note 6 0.07H +0.01H”™ 


blonking 
teved 


0.5H 


D—Detail between 4-4 in B 


12. Dimension P represents the peak 
excursion of the luminance signal 
from blanking level but does not 
include the chrominance signal. 
Dimension S is the synchronizing 
amplitude above blanking level. 
Dimension C is the peak carrier 
amplitude. 


—9/IO of max 
ne 


sy 
sip 8 cycles min 


13. Refer to F.C.C. standards for fur- 
ther explanations and tolerances. 


14, Horizontal dimensions not to scale (x)0.02H 
in A, B, and C, le- 
0.125H max 
(y)0.145H min 


E —Detail between 5-5 in c 


Fig. 15 — continued 
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Television broadcasting continued 
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Ey’ = gamma-corrected voltage of the monochrome (black-and- 
white) portion of the color picture signal, corresponding to 
the given picture element. 


Eg’, E,;’ = amplitudes of two orthogonal components of the chrominance 
signal corresponding respectively to narrow-band and wide- 
band axes. 


Ep’ ,Eg’ Ep’ = gamma-corrected voltage corresponding to red, green, and 
blue signals during the scanning of the given picture element. 


w = angular frequency = 27 times frequency of the chrominance 
subcarrier. 


The portion of each expression between brackets represents the chrominance 
subcarrier signal that carries the chrominance information. 


The phase reference in the Ey, equation is the phase of the burst +180°, 
as shown in Fig. 16. The burst corresponds to amplitude modulation of a 
continuous sine wave. 


The equivalent bandwidth assigned prior to modulation to the color 
difference signals Eg’ and E;’ are as follows: 


Q-channel bandwidth: [E,-€, | 


1.14 E,’ 


At 400 kilocycles, less than 2 decibels down. 
At 500 kilocycles, less than 6 decibels down. 
At 600 kilocycles, at least 6 decibels down. 


I-channel bandwidth: ~ 


a“ 
At 1.3 megacycles, less than 2 decibels Eg 
down. 


At 3.6 megacycles, at least 20 decibels 
down. 


The gamma-corrected voltages 


E,’, Eg’ and E,’ are suitable for a ccna 

color picture tube having primary Fig. 16—Above, phases of color signal. 
colors with the chromaticities color | x | y 

listed at the right in the CIE. 

(Commission Internationale de — Red (R) 0.61 ae OBE 
l'Eclairage) system of specifica- Green (G) 0.21 0.71 
tion. Blue (B) 0.14 0.08 


and having a transfer gradient (gamma exponent) of 2.2 associated with 
each primary color. The voltages E2s-Exiand Es may be respectively of 
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the form E,!/2, Eg!/2, and E,/2, although other forms may be used with 
advances in the state of the art. 


The radiated chrominance subcarrier vanishes on the reference white of 
the scene. The numerical values of the signal specification assume that this 
condition will be produced as C.I.E. Illuminant C (x = 0.310, y = 0.316). 


ea Ee E,’, and the components of these signals shall match each other 
in time to 0.05 microseconds. 


The angles of the subcarrier measured with respect to the burst phase, 
when reproducing saturated primaries and their complements at 75 percent 
of full amplitude shall be within + 10 degrees and their amplitudes within 
+20 percent of the values specified above. The ratios of the measured 
amplitudes of the subcarrier to the luminance signal for the same saturated 
primaries and their complements must fall between the limits of 0.8 and 1.2 
of the values specified for their ratios. 


Visual transmitter design 


Over-all frequency response: The output measured into the antenna after 
vestigial-sideband filters shall be 
within limits of -+-O and 


decibels 


— 2decibels at 0.5 megacycles 
— 2decibels at 1.25 megacycles 
— 3decibels at 2.0 megacycles 
— 6decibels at 3.0 megacycles 
+12 decibels at 3.5 megacycles 


with respect to video amplitude char- 
acteristic of Fig. 17. 


For color transmission, the following 
limits apply: +-0 and -60 


) +i 42 +3 +4 +5 
—?2 decibels at 0.5 megacycles frequency in megacycles above visuol carrier 
—2decibels at 1.25 megacycles 


—2 decibels from 1.25 to 4.18 mega- acteristic of television transmitter. The 
cycles dashed lines are F.C.C. limits. | 


Fig. 17—Ideal demodulated amplitude char- 


This response is with respect to a 200-kilocycle modulating frequency. 


Lower-sideband radiation: For modulating frequency of 1.25 megacycles or 
greater, radiation must be 20 decibels below carrier level. In addition, the 
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Television broadcasting continued 


radiation of the lower sideband due to modulation by the color subcarrier 
(3.579545 megacycles) must be attenuated by a minimum of 42. decibels. 
For monochrome and color, the field strength of the upper sideband for a 
modulating frequency of 4.75 megacycles or greater shall be attenuated at 
least 20 decibels. 


Spurious and harmonic emission: All emissions removed in frequency in 
excess of 3 megacycles above or below the respective channel edge shall 
be attenuated by no less than 60 decibels below visual-transmitter power. 


Envelope delay: The modulated radiated signal shall have an envelope delay 
relative to the average envelope delay between 0.05 and 0.2 megacycle 
of zero microseconds up to a frequency of 3.0 megacycles; and then 
linearly decreasing to 4.18 megacycles to 0.17 microsecond at 3.58 mega- 
cycles. The tolerance on the envelope delay is +0.05 microsecond at 3.58 
megacycles and linearly increasing to -+0.1 microsecond down to 2.1 
megacycles and up to 4.18 megacycles; and remain at 0.1 microsecond 
down to 0.2 megacycles. See Fig. 18. 


Radiated radio-frequency-signal envelope: Specified by Fig. 15 as 
modified by vestigial operation characteristic of Fig. 14. 


Horizontal pulse-timing variations: Varia- 2 ioe 

tion of time interval between successive : 

pulse leading edges to be less than 0.5 $ 

percent of average interval. 5 ? 
e 

Horizontal pulse-repetition stability: Rate % 

of change of leading-edge recurrence = 70! 


frequency shall not exceed 0.15 percent/ 
second. 


Aural transmitter 


Modulation: Frequency modulation | with 
100-percent swing of +25 kilocycles. Re- 
quired maximum swing = +40 kilocycles. 


Oo t 2.1 3 3.58 42 
frequency in megocyles 


Audio-frequency response: 50 to 15,000 


cycles. within. limits .and = utilizing pre- Fig. 1g—envalope delay, coneennan 
emphasis:as shown in Fig. 7: television transmitter. 
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Television broadcasting continued 


Audio-frequency distortion: Maximum combined harmonic root-mean-square 
output voltage shall be less than 


modulating frequency percent 
in cycles/second harmonic 
50- 100 3.5 
100— 7500 2.5 
7500-15000 3.0 
Noise 


FM—55 decibels below 100-percent swing. 
AM—5S0 decibels below level corresponding to 100-percent modulation. 
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M@ Radar fundamentals 
General* 
A simplified diagram of a set for radio direction and range finding is 


shown in Fig. 1. A pulsed high-power transmitter emits centimeter waves 
for approximately a microsecond through a highly directive antenna to 


transmitter 
Tt, fe Pp Ry 


indicator 
v 


antenna 
G 


receiver 
N, 


target 
C 


Fig. 1—Simplified diagram of a radar set. 


illuminate the target. The returned echo is picked up by the same antenna, 
amplified by a high-gain wide-band receiver, and displayed onan indicator. 
Direction of a target is usually indicated by noting the direction of the 
narrow-beam antenna at the time the echo is received. Fhe range is measured 
in terms of time because the radar pulse travels with the speed of light, 
300 meters one way per microsecond, or approximately 10 microseconds 
per round-trip radar mile. Fig. 2 gives the range corresponding to a known 
echo time. 


The factors characterizing the operation of each component are shown 
in Fig. 1. These are discussed below in turn and combined into the free- 
space range equation. The propagation factors modifying free-space range 
are presented. 


Transmitter 


Important transmitter factors are: 


7 = pulse length in microseconds 
f, = pulse rate in cycles/second 
"d = duty ratio = 7 10 "Pa Pe 


a = average power in kilowatts 


seh el 
I 


p = peak power in kilowatts 


\ = carrier wavelength in centimeters 


* “IRE Standards on Radio Aids to Navigation: Definitions of Terms, 1954," Proceedings of 
the IRE, vol. 43, pp. 189-209; February, 1955. 
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Transmitter continued 
Ea eR TX) 


Pulse length is generally about one microsecond. A longer pulse may be 
used for greater range, if the oscillator power capacity permits. On the 
other hand, if a range resolution of AR feet is required, the pulse cannot be 
longer than AR/500 microseconds. 


The repetition frequency must be low enough. to permit the desired maximum 
unambiguous range (f, < 90,000/R,). This is the range beyond which the echo 
returns after the next transmitter pulse and thus may be mistaken for a short- 
range echo of the next cycle. If this range is small, oscillator maximum 
average power may impose an upper limit. 


The peak power required may be computed from the range equation (see 
below) after determination or assumption of the remaining factors. Peak 
and average power may be interconverted by use of Fig. 3. Pulse energy 
is Ppt X 10-8 joules. 


100 000 100 
108 


range in yards 


range in miles or kilometers 


100 Se aittlimatiliaa nil O.4 
103 ah 


OP 100 1000 '07 
Fig. 2—Time between transmission and reception of a reflected signal. 


10% 10& 
echo time in microseconds 
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continued 


Transmitter 


The choice of carrier frequency is a complex one, often determined by 


available oscillators, 


considerations. 


and propagation 


size, 


antenna 


Frequency—wavelength conversions are facilitated by Fig. 4, which also 


defines the band nomenclature. 


og tae in Caines 


Spuodsasosojw vu) yybuay 


ait period in microseconds 


mien ul Hen iioals 


1000 500 200 100 50 20 10 


2000 


5000 


4 
pulse rate in cycles per second 


Fig. 3—Power-time relationships. 


60 100 300 cm 


30 


10 


06 


0.3 


100 me/s 


30,000 10,000 3000 1000 | 300 


56 46 36 


100,000 


kmc/s 


0.390 0.225 


1.55 


5.2 


10.9 


band 


VQ 


Fig. 4——Correlation between frequency, wavelength, and band nomenclature for radar. 
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Antenna 


The beam width in radians of any antenna is approximately the reciprocal 
of its dimension in the plane of interest expressed in wavelength units. 
Beam width may be found readily from Fig. 5, which also shows gain of a 
paraboloid of revolution. The angular accuracy and resolution of a radar 
are roughly equal to the beam width; thus precision radars require high 
frequencies to avoid excessively cumbersome antennas. 
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Sone & nn Cotte Cr : 
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eet TT TTIW Pie” CI ¢ 3 
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1000 ‘ei Z| E yl tH 8 
cs ails aap Galil aw ahi: 

A a4 V, 

t00 : nt ote ‘fil 
‘i pale 

20 RR LTH availil 0 
ie Ht ¢ ; ‘ 

20 

as MA TL. 
ial Fue COT 


iy 
ma 
tah 
ae 
——_— 
Ree 
3 9] 
a 
Eames. 
as 
— 
5 
© 


20 50 3=—- 100 


diameter in feet 


diameter in inches 


Fig. 5—Beam width and gain of a parabolic reflector. 


Target echoing area 


The radar cross section a is defined as 47 times the ratio of the power per 
unit solid angle scattered back toward the transmitter, to the power per unit 
area striking the target. For large complex structures and short wavelengths, 
the values vary rapidly with aspect angle. The effective areas of several 
important configurations are listed in the following table.” 


*1.N. Ridenour, “Radar System Engineering,” v. 1, Radiation Laboratory Series, McGraw-Hill 
Book Company, New York, New York; 1947. See pp. 64-68, 78, 80. 


200 feet? 
800 feet? 


1,500 feet? 
160,000 feet? 


wa" 
4mat/3r? 


47 A2/d2 


cross section=o 
2rl2a/nr 


9ma*(2ra/n)* 


0.227 


continued 
reflector 
A < 0.15 
a, Where a/A > 1 
Corner reflector with one edge = a (maximum) 


A (normal incidence) 


Cylinder with radius = a, length = L (normal incidence) 


Small airplane (AT—11) 
Large airplane (B—17) 


The receiver is characterized by an overall noise figure N, defined as the 


ratio of carrier power available from the antenna to theoretical noise 


Small sphere with radius = a, where a/ 
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Target echoing area 
Tuned A/2 dipole 

Large sphere with radius 
Flat plate with area 

Small cargo ship 

large cargo ship 
Receiver 
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B = bandwidth in Sibert 
Fig. 6—Noise figure of a receiver of given bandwidth. 
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Receiver = continued 
(SEDI Ree, 


power KTb, when the mean noise power and the carrier power are equal.* 
This equality must be observed at some stage in the receiver where both 
have been amplified so highly as to override completely any noise intro- 
duced by succeeding stages. KT = 4.1 X 107-71, and b = receiver band- 
width in cycles/second. The bandwidth in megacycles should be 1.2/7, 
plus an allowance for frequency drift, thus usually about 2/7. Fig. 6 enables 
the determination of the noise figure of a receiver operating from any 
source impedance, Z, ohms. E is one-half the open-circuit voltage of a 
fifty-ohm source, adjusted for receiver output carrier-plus-noise 3 decibels 
above noise alone. 


Thus, if the generator is calibrated for microvolts into Z, ohms, use V'50/Z, 
times the indicated voltage. If it is calibrated for voltage into an open 


circuit, multiply by 14/50 / Z,, but add series resistance to make source = Z, 
ohms, for which the receiver input is designed. 


Indicator 


The many types of radar indicators are shown in Fig. 7. Type A is the first 
type used, and the best example of a deflection-modulated display. The 
PPI is the most common intensity-modulated type. For the purpose of deter- 
mining maximum radar range, an indicator is characterized by a visibility 
factor V, defined as follows: 


V = Prin X 10-/NKT 


where Pin is the receiver input-signal power in watts for a 50-percent 
probability of de- 
tection. 

For an A-scope 
presentation, V 
may be found from 
Fig. 8, where 7 is in 
microseconds, and 
B is in megacycles. 
The values are 
conservative, but 
the effects of 


V = visibility factor 
V in decibels 


, -3 
changing 7B and f, 100 ~©=—-. 200 500 1000 2000 5000 10000 
are shown cor- f, = pulse rate in cycles/second 
rectly. Fig. 8—Visibility factor for an A scope. 


*Receiver noise figures are more completely discussed in the chapter "Radio noise and 
interference," p. 768-770. 

TK. A. Norton, and A. C. Omberg, “The Maximum Range of a Radar Set,” Proceedings of the 
LR.E., v. 35, pp. 4-24; January, 1947: p. 6. 
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type A 
Pay 
er) 
ce 
2 Ld 
“¢ 
range . 
type C 
e 
2 
H 
r) 
———__-> 
azimuth 
s 
3. 
é 
@ 
range 


type G 


elevation 
error 


azimuth error 


Single signal only. Signal appears as 
“wingspot,” position giving azimuth 
and elevation errors. Length of wings 


inversely proportional to range 


type D 


type B 


@ 
o 
§ 
Qf 
azimuth 
i+ 
2 
o 
> 
2 
) 


azimuth 


Coarse range information provided 
by -position..of signal in broad azi- 
muthal trace. (Used in a prototype 
airborne interception set now obsolete.) 


type F 


elevation 
error 


<< ———_ > 
azimuth error 
Single signal only. In the absence of 
a signal, the spot may be made to 
expand into a circle 


Fig. 7—Types of radar indicators 
are given on this and the facing 


page. 
Courtesy of McGraw-Hill Book Company 
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_type H 


range 


azimuth 


Signal appears as two dots. Left dot 
gives range and azimuth of target. 
Relative position of right dot gives 
rough indication of elevation 


A 
z () 
SS 


Same as type A, except time base is 
circular, and signals appear as radial 


pips 


type J 


type L 


a 


range 


range 


Same as type K, but signals from 
two lobes are placed back to back 


type N 
ronge ’ range . 


A combination of type K and type M 


type | 


= 
S 
ZW 


LY 


Antenna scan is. conical. Signal is a 
circle, the radius proportional to 
range. Brightest part indicates direc- 
tion from axis of cone to target 


type K 


a 


range 
Type A with lobe-switching antenna. 
Spread voltage splits signals from 
two lobes. When pips are’ of equal 
size, antenna is on target 


type M 


—_———_> 
range range 
Type A with range step or range notch. 
When pip is aligned with step or 
notch, range can be read from dial 
or counter 


type P (PPI) 


azimuth 


Range is measured radially from 
center 
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Range equation 
RO ES OE ES OE 


The theoretical maximum free-space range of a radar using an isotropic 
common receiving and transmitting antenna, lossless transmission line, and 
a perfect receiver, may be found as follows: 


Transmitted pulse energy = P’ (in peak watts) X 7’ (lin seconds) 
Energy incident on target = P’7r’/4aR? per unit area 
Energy returned to antenna = P’7r’a/(47R*)?__ per unit area 

P’ rah? / (4a) 8R4 


where a, A, and R are in the same units. 


Energy at receiver input 


Receiver input-noise energy = KT = 4.11 X 10-7! joules. Assuming that the 
receiver adds no noise, and that the signal is visible on the indicator when 
signal and noise energies are equal, the maximum range is found to be 


Ny P’r'ond? 


(4a) 3KT 


4 


The free-space range of an actual radar will be modified by several 
dimensionless factors, primarily antenna gain G, receiver noise figure N, 
and indicator visibility factor V, as discussed above. 


Additional minor losses may be lumped under factors Li and Le, one-way 
and two-way loss factors, respectively. Li includes losses in transmission 
lines running from the tr switch to both transmitter and receiver, as well 
as tr loss, usually about 1 decibel. Le includes loss of the transmission line 
between tr box and antenna, and atmospheric absorption. 


The range equation, including these factors, and using convenient units, is 


Rm = 0.1146 VPyroX2G2LyLe2/VN 

where 

Rm = maximum free-space range in miles 
Pp 


Tt = pulse width in microseconds 


peak power in kilowatts 


a = effective target area in square feet 
\ = wavelength in centimeters 
The use of this equation is facilitated by use of decibels throughout, since 


many of the factors are readily found in this form. Thus, to find maximum 
radar range, 
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Range equation continued 
ASE a TR RARE ATES 


a. From Fig. 9, find (P, + 7 + o + X?) in decibels. 
b. Add 2 X (gain in decibels of common antenna). 
c. Subtract (Li + 2L2 + V+ N) in decibels. Note: V may be negative. 
d 


- From the net result and Fig. 9, find R,, in miles. 


decibels 
GEEZ? Re Dee Ee ee 
3 eee 1 ea ae 
aap 


\ 


Eek (ES bd ee See 
eel at Se eee ee 


“al Z 
2000 
range Ra paler peok pane By in sie sid! ste Saale fae o in squa ete et ¥ velength rin shes meters 
Pair ET Sena antennas yy ores cl ieguaee, feet Mavelengtt Ai lecettenie 


OJ Ke) to 100 
T = pulse length in microseconds 


Fig. 9——The radar range equation. 


Reflection lobes 


The maximum theoretical free-space range of a radar is often appreciably 


_ modified, especially for low-frequency sets, by reflections from the earth's 


surface. For low angles and a flat earth, the modifying factor is 
F — 9 in (2arhyhe) 
AR 


where hy, he, and R are defined in Fig. 10, all in the same units as \. The result- 
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Reflection lobes continued 


target 


Fig. 10—Radar geometry, showing reflection from flat earth. 


ing vertical pattern is shown in Fig. 11 for a typical case. The angles of the 


maxima of the lobes and the minima, or nulls, may be found from 
it he nv 


7 TER Aba 
where 
Om = angle of maximum in radians, when n = 1, 3, 5.. a ' 

= angle of minimum in radians, when n = 0, 2,4...; . 
This expression may be applied to the problem of finding the height of a 
maximum or null over the curved earth with the following approximate 
result: 


He = 44ndD/Hy + D?/2 


where 
H = feet 


\ = centimeters” 
D = miles 


we 


eta 2 X (free-space pattern) 


= a, 


altitude 


‘range 


Fig. 11—Vertical-lobe pattern resulting from reflections from earth. 
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Reflection zone 


The reflection from the ground occurs not at a point, but over an elliptical 
area, essentially the first Fresnel zone. The center of the ellipse and its 
dimensions may be found from 


Xo = dy(l + 2a) 

x1 = 2c Vall + al 

yi = 2h Vall + a) 

where Xo, X1, y1, d, are shown in Fig. 10, and 

di = hid/he = hy/sin 0 

a = \/4h sin 0 

In the maximum of the first lobe, a = 1, and the distances to the nearest 
and farthest points are 

OTN eG Re 0.7h;2/d 

Xo + x1 = 23.3h1?/d 


y= 2V2hy 
These dimensions determine the extent of flat ground required to double 
the free-space range of a radar as above. The height limit of any large 
irregularity in the area is h1/4. If the same area is available on a sloping site 
of angle @, double range may be obtained on a target on the horizon. 
In this case 


Xo + a 1.46X/sin? p 


Continuous-wave Doppler radar 
SLT LT A ETS AR LET RO TEE LE RE ARLE SE RTE TR, 


Echoes from stationary objects confuse or mask those from aircraft, espe- 
cially on ppi scopes. This effect may be minimized by use of short pulses, 
narrow beams, and several circuit modifications, but it is still intolerable in 
many situations such as ground control of approach and aircraft detection. 
Discrimination between fixed and moving targets is possible by use of the 
Doppler principle. : 
In ‘its simplest ‘application, a cw transmitter is used and the return energy 
is detected by mixing with a portion of the transmitter power. Fixed targets 
produce a constant voltage, whereas a moving target produces an alter- 
nating voltage at the Doppler frequency difference between transmitted 
and received signals, | 


where 


f; = Doppler frequency in cycles/second 
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Continuous-wave Doppler radar continued 
(SEB AER SAR PUES he SESE ND TCS NET TINS TE EET RT NETL VSN 


f; = transmitted frequency in cycles/second 
v = target radial velocity in miles/hour 

¢ = speed of propagation in miles/hour 

A = transmitted wavelength in centimeters 


Each cycle of Doppler frequency corresponds to a target radial motion 
of one-half transmitted wavelength. Thus, a target moving with a radial 
velocity of 300 miles/hour = 440 feet/second will move about 880 half- 
waves per second at 1000 megacycles (A = 1 foot), resulting in a Doppler 
frequency of about 880 cycles. Target azimuth may be determined by ro- 
tating an antenna beam, but range cannot be found without modulation of 
the transmitter, so this type of radar is suitable only for measuring radial 
velocities of targets, and sentry applications to detect presence rather 
than accurate position of moving targets. 


Pulsed Doppler radar—coherence 
(RSD PASSER MT ERM REE OPTS TT UTES AE ORO TED SS SE PETES OS 


The straightforward way of obtaining range information is to pulse- 
modulate the transmitted carrier. If this is done in the simplified manner 
of Fig. 12, the received pulses will be small segments of the cw returns 
discussed above, as shown in Fig. 13. A fixed target produces uniform 
pulses, whereas moving-target pulses vary in amplitude periodically. An 
A-scope with one fixed and one moving target will appear as indicated. 
The basic cause of this distinction is phase coherence; that is, each time a 
fixed target echo returns, it is mixed with a voltage that has gone through 
the same difference in phase since the instant of transmission. 


To produce this same essential 


coherence in an actual radar using a cw source Sera oe —Lp> 
magnetron, some complexity Is re- modulator 
quired as in the upper circuits of Fig. 
14. Here there is an extremely stable 
local oscillator, the stalo, that pro- 
P <_L_- 


vides a relatively fixed reference, 
pulse after pulse, and a coherent. 
oscillator, the coho, Operating at if 
frequency, capable of being started 
in a phase related to each trans- 


mission and providing a coherent fixed targets 
reference in the interval from pulse hil Ty G 
to pulse. It can be seen that at ~ —+--"F_ moving 


Doppler frequencies that are mul- targets 
tiples of the repetition rate, the Fig. 13—Pulsed Doppler radar video signal. 


Fig. 12——Simple pulsed Doppler radar. 
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Pulsed Doppler radar—coherence continued 
SY SS ET BE EI, ERE TL PESOS: CASE SOTTO IOS 


resulting pulses will be of constant amplitude, so these are said to be pro- 
duced by targets at 


(blind speeds) = nf, /89.4 


Moving-target-indicator radar 
IIR PB EIS NEI IER 0S, NGO TURES SRS ACERS 


Cancellation 


To provide moving-target indication (mti) on a ppi-scope, the constant- 
amplitude fixed-target pulses must be cancelled by subtraction of successive 
pulse trains. A typical cancellation-circuit block diagram is shown in the 
lower part of Fig. 14. The delay element is an ultrasonic transmission line, 


rf, if,and coherence circuits 


magnetron 
= 


if amplifier signal 
mixer 
cohered 


video cancellation circuits 


modulated ay 


subtraction | din 
ircuit 
oy gt to PPI 


Fig. 14—Moving-target-indicator radar. 


either mercury or quartz. These operate best in the region of 10 to 30 
megacycles, so a carrier wave in this range is modulated by the video input. 
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Moving-target-indicator radar continued 
(UG SN ATR SIN EDS TL ET ED 


After delay, the signal is detected, amplified, and subtracted from the next 
pulse train. Obviously, the delay must be 1/f,. For the mercury line, the 
length in inches determines the delay in microseconds, 


Dr 1 (17.42/42 0.00527) 


where T is centigrade temperature. For quartz, the length (with no reflec- 
tions) is determined from 


D = 484L 


Limitations 


There are three major limitations on the subclutter visibility (ratio of fixed 
target that can be cancelled to just-visible moving target). 


Variation of fixed targets: Buildings and mountains do not vary, but vege- 
tation and sea-echo fluctuations are a function of wind velocity. In low 
winds, cancellation of 50 db may be expected. 


Antenna rotation: Antenna rotation modulates the fixed targets so that 
the visibility cannot be better than approximately 


Vie =, 10°0/ tax 
where 


Vee = subclutter visibility (ratio) 
6 = antenna horizontal beamwidth in degrees 
'max = range of farthest clutter in miles 
w = rotational rate in revolutions/minute 


Thus for a beamwidth of one degree, maximum clutter range of 100 miles, 
and one antenna revolution per minute, Vs. is 100 or 40 db. 


Equipment instabilities: The above limitations on maximum visibility must 
often be accepted as given. Then it is necessary to provide corresponding 
equipment stability, but there is no point in setting stability limits that would 
give performance exceeding the above two practical considerations. 
Permissible stalo and coho drift rated in kc/sec? are given by 


dfi/ dt = "264, / Vee lmax 
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Moving-target-indicator radar continued 
SELLE BD LETS ET BT RE EEN IE 0 OT ELEN FL UL OED 


The coho mistuning should not be greater than 1/47 megacycle where 7 is 
pulse length in microseconds. Proper operation of the cancellation equip- 
ment requires an amplitude unbalance between the two channels of less 
than 100/V,. percent. Likewise, temporal unbalance between delay time 
and pulse interval must not exceed 50/V,;, percent of the interval. These 
figures are usually achieved and maintained by automatic balance controls. 
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@ Wire transmission 


Telephone transmission-line data 
FRR TSHR PAS THY MELA RR TN ELIE PATIN OTS ETAT ET ALLEL ES SL TD 


Line constants of copper open-wire pairs 


8- and 12-inch spacing 

Insulators: 
40 pairs toll and double-petticoat (DP) per mile 
53 pairs Pyrex glass (CS) per mile 


Temperature 68° fahrenheit 


resistance in ohms/loop mile inductance in millihenries/loop mile 
165 mil 128 mil 104 mil 165 mil 128 mil 104 mil 
freq 
in 1 9” 8” 1 9” 8” 1 9” 8” 1 9” 8” 1 2" 8” 1 9” 8” 
ke/s DP cs DP cs DP cs DP cs DP cs | DP | CS 
0.1 4.10 4.10 6.82 6.82 10.33 10.33 | 3.37 3.11 S153 3:27. 3.66 3.40 
0.5 4.13 4.13 6.83 6.83 10.34 10.34 | 3.37 3.10 3.93 3:27, 3.66 3.40 
1.0 4.19 4.19 6.87 6.87 10.36 10.36 | 3.37 3.10 3.53 3.27 3.66 3.40 
1.5 4,29 4.29 6.94 6.94 10.41 10.41 3.37 3.10 3.53 3.26 3.66 3.40 
2.0 4.42 4.42 7.02 7.02 10.47 10.47 | 3.36 3.10 3/53 3.26 3.66 3.40 
3.0 4.76 4.76 7.24 7.24 10.62 10.62 | 3.35 3.09 3.52 3.26 3.66 3.40 
5.0 5.61 5.6] 7.92 P72 W101 11.11 3.34 3.08 3.52 3.25 3.66 3.40 
10 7.56 7.56 10.05 | 10.05 12.98 12.98 3.31 3.04 3.49 3:23 3.64 3.38 
20 10.23 | 10.23 13.63 | 13.63 17.14 17.14 3.28 3.02 3.46 3.20 3.6] Sco 
30 12.26 | 12.26 16.26 | 16.26 20.55 20.55 3.26 3.00 3.44 3.17 3.58 3.38 
50 15.50 | 15.50 20.41 20.41 25.67 25.67 3.25 2.99 3.43 3.16 3.57 Bie. 
100 21.45 | 21.45 28.09 | 28.09 35.10 35.10 3.24 2.98 3.42 315 3.55 3.29 
150 26.03 | 26.03 33.96 | 33.96 42.42 42.42 | 3.23 PASM 3.41 3.14 3.54 3.28 
200 29.89 | 29.89 38.93 | 38.93 48.43 48.43 | 3.23 Ph 3.40 3.14 3.54 3.28 
500 46.62 | 46.62 60.53 | 60.53 74.98 74.98 | 3.22 2.96 3.39 3.13 3.53 S27; 
1000 65.54 | 65.54 84.84 | 84.84 104.9 104.9 3.22 2.96 3.38 3.12 3.52 3.26 
leakage conductance in 
micromhos/loop mile capacitance In 
microfarads/loop 
freq | dry—all gauges | wet—all gauges mile 
in 
_ke/s |12”—DP| 8”—CS |12”—DP| 8"—CS | Merck! 12”—DP| 8”—Cs wire size 12” | 8” 
0.1 0.04 0.04 25 2.0 in space 
0.5 0.15 0.06 3.0 23 165 mil 0.00898 0.00978 
1.0 0.29 0.11 3.5 2.6 128 mil 0.00855 0.00928 
1.5 0.43 0.15 4.0 2.9 104 mil 0.00822 0.00888 
on 40-wire line, 
2.0 0.57 0.20 4.5 3.2 dry 
3.0 0.85 0.30 55 SHE 165 mil 0.00915 0.01000 
5.0 1.4 0.49 7.5 4.6 128 mil 0.00871 0.00948 
10 2.8 0.97 12.1 6.6 104 mil 0.00857 0.00908 
on 40-wire line, 
20 5.6 1.9 20.5 9.6 wet 
30 8.4 2.9 28.0 12.1 165 mil 0.0093 0.0102 
50 14.0 48 41.1 15.7 128 mil 0.0089 0.0097 


104 mil 0.0085 0.0093 
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Telephone transmission-line data continued 


Line constants of 40% Copperweld open-wire pairs 


8- and 12-inch spacing 


Insulators: 
40 pairs toll and double-petticoat (DP) per mile 
53 pairs Pyrex glass (CS) per mile 


Temperature 68° fahrenheit 


resistance in ohms/loop mile inductance in millihenries/loop mile 
165 mil 128 mil 104 mil 165 mil 128 mil 104 mil 
freq 
in 1 2” 8” 1 Q” 8” 1 Q” 8” 1 D ed 8” 1 y re 1 9” 8” 
ke/s DP cs DP cs DP cs DP cs DP cs DP cs 
0.0 9.8 9.8 16.2 16.2 24.6 24.6 _— —_ _ _— —_ — 
0.1 10.0 10.0 16.3 16.3 24.6 24.6 3.37 3,11 3.53 3.27 3.66 3.40 
0.5 10.0 10.0 16.4 16.4 24.7 24.7 3.37 3.10 3.53 3.27 3.66 3.40 
1.0 10.1 10.1 16.6 16.6 24.8 24.8 3.37 3.10 3.53 3,27 3.66 3.40 
1.5 10.1 10.1 16.7 16.7 24.9 24.9 3.37 3,10 3.53 3.26 3.66 3.40 
2.0 10.2 10.2 16.8 16.8 25.2 25.2 3.36 3.10 3.53 3.26 3.66 3.40 
3.0 10.4 10.4 17.1 17.1 25.4 25.4 3.05 3.09 3,52 3.26 3.66 3.40 
5.0 10.6 10.6 17.4 17.4 26.0 26.0 3.34 3.08 3.52 3.25 3.66 3.40 
10 10.8 10.8 17.7 17.7 26.5 26.5 3.31 3.04 3.49 3.23 3.64 3.38 
20 11.4 11.4 18.2 18.2 27.1 27.1 3.28 3.02 3.46 3.20 3.61 3.35 
30 12.3 12.3 18.8 18.8 27.5 27.5 3.26 3.00 3.44 3.17 3.58 3.33 
50 14.5 14,5 20.4 20.4 28.7 28.7 3.25 2.99 3.43 3.16 3.57 3.31 
100 20.8 20.8 26.5 26.5 33.3 33.3 3.24 2.98 3.42 3.15 3.55 3.29 
150 25.9 25.9 32.5 32.5 39.6 39.6 3.23 2.97 3.41 3.14 3.54 3.28 
leakage conductance in 
micromhos/loop mile capacitance in 
microfarads/loop 
freq | dry—all gauges | wet—all gauges mile 
in 
ke/s |1 2”"—pp| 8”—CS |12”—DP| 8”’—Cs wire size 12” 8” 
0.1 0.04 0.04 25 2.0 in space 
0.5 0.15 0.06 3.0 2.3 165 mil 0.00898 0.00978 
1.0 0.29 0.11 3.5 2.6 128 mil 0.00855 0,00928 
1.0 0.43 0.15 4.0 2.9 104 mil 0.00822 0.00888 
on 40-wire line, 
2.0 0.57 0.20 4.5 3.2 dry 
3.0 0.85 0.30 5.5 3.7 165 mil 0.00915 0.01000 
5.0 1.4 0.49 7.5 4.6 128 mil 0.00871 0.00948 
10 2.8 0.97 12.1 6.6 104 mil 0.00857 0.00908 
on 40-wire line, 
20 5.6 1.9 20.5 9.6 wet 
30 8.4 29 28.0 12.1 165 mil 0.0093 0.0102 
50 14.0 4.8 41.1 15.7 128 mil 0.0089 0.0097 


104 mil 0.0085 0.0093 


B18 CHAPTER 28 
Telephone transmission-line data continued 
SSS A EN 


Attenuation of copper open-wire pairs 
8- and 12-inch spacing 


Insulators: 
40 pairs toll and double-petticoat (DP) per mile 
53 pairs Pyrex glass (CS) per mile 


Temperature 68° fahrenheit 


dry weather 


attenuation in decibels per mile 


165 mil | 128 mil | 104 mil 


freq 
in 1 9” 1 9” 8” 1 Q” 1 9” 8” 1 Q” 1 2” 8” 
ke/s DP cs cs DP cs cs. . DP cs cs 


wet weather 


0.1 0.032 0.029 0.030 0.043 0.039 0.040 0.054 0.049 0.0505 
0.5 | “0037 0.034 0.036 0.053 0.050 0.053 0.072 0.069 0.0705 
1.0 | 0.039 0.035 0.037 0.056 0.052 0.055 0.076 0.073 0.0775 
1.5 | 0.041 0.037 0.0385 | 0.058 0.0535 | 0.0565 | 0.078 0.0745 | 0.0795 


2.0 | 0.043 0.038 0.040 0.060 0.0545 | 0.058 0.0805 | 0.076 0.0805 

3.0 | 0.0485 | 0.041 0.044 0.064 0.0575 | 0.061 0.0845 | 0.078 0.083 

5.0 | 0.060 0.050 0.0525 | 0.075 0.0645 | 0.068 0.094 0.084 0.089 
10 0.085 0.068 0.072 0.102 0.083 0.0885 | 0.120 0.101 0.106 


20 0.127 0.095 0.101 0.150 0.116 0.123 0.173 0.137 0.144 
30 0.161 0.118 0.124 0.188 0.142 0.150 0.216 0.168 0.176 
50 0.220 0.154 0.162 0.253 0.185 0.195 0.287 0.217 0.227 
100 oe 0.228 0.237 Care 0.271 0.283 = 0.313 0.326 
150 ae 0.288 0.299 ae 0.339 0.353 a 0.390 0.405 


WIRE TRANSMISSION 8 g 


Telephone transmission-line data continued 


Attenuation of 40% Copperweld open-wire pairs 
8- and. 12-inch spacing 


Insulators: 
40 pairs toll and double-petticoat (DP) per mile 
53 pairs Pyrex glass (CS) per mile 


Temperature 68° fahrenheit 


dry weather 


attenuation in decibels per mile 


165 mil | 128 mil | 104 mil 


freq 
in 1 Q” 1 9” 8” 1 Q” 1 y i 8” 1 9” 1 2” 8” 
ke/s DP cs cs DP cs cs DP cs cs 


0.2 0.054 0.054 0.057 0.073 0.073 0.077 0.091 0.091 0.096 
0.5 0.067 0.067 0.071 0.097 0.097 0.103 0.127 0.127 0.134 
1.0 0.073 0.073 0.078 0.112 0.112 0.120 0.152 0.152 0.162 
1.5 0.076 0.076 0.082 0.118 0.118 0.127 0.162 0.162 0.174 


2.0 0.077 0.077 0.083 0.120 0.120 0.130 0.168 0.168 0.180 
3.0 0.079 0.079 0.085 0.124 0.124 0.134 0.174 0.174 0.188 
5.0 0.082 0.082 0.088 0.127 0.127 0.138 0.179 0.179 0.195 
10 0.085 0.085 0.092 0.131 0.131 0.142 0.186 0.186 0.201 


20 0.088 0.088 0.096 0.135 0.135 0.147 0.191 0.191 0.207 
30 0.095 0.095 0.103 0.139 0.139 0.152 0.195 0.195 0.211 
50 0.110 0.110 0.119 0.150 0.150 0.163 0.206 0.206 0.221 
100 0.156 0.156 0.168 0.188 0.188 0.203 0.234 0.234 0.252 
150 0.199 0.199 0.214 0.233 0.233 0.251 0.273 0.273 0.293 


wel weather 


0.2 0.066 0.060 0.063 0.089 0.081 0.084 0.111 0.101 0.105 
0.5 0.077 0.072 0.076 0.111 0.104 0.110 0.145 0.136 0.142 
1.0 0.083 0.078 0.084 0.126 0.119 0.126 0.168 0.160 0.169 
1.5 0.088 0.082 0.087 0.130 0.124 0.133 0.178 0.170 0.181 


2.0 0.089 0.083 0.089 0.136 0.128 0.137 0.184 0.176 0.188 
3.0 0.093 0.086 0.092 0.140 0.132 0.142 0.192 0.183 0.196 
5.0 0.100 0.091 0.097 0.147 0.137 0.148 0.201 0.190 0.205 
10 0.111 0.098 0.104 0.159 0.145 0.155 0.214 0.200 0.215 


20 0.126 0.107 0.115 0.175 0.1.55 120.166 0.233 0.212 0.228 
30 0.145 0.120 0.127 0.197 0.168 0.177 0.253 0.224 0.238 
50 0.184 0.147 0.153 0.230 0.190 0.199 0.288 0.247 0.261 
100 0.282 0.219 0.227 0.314 0.254 0.265 0.372 0.303 0.317 
150 0.370 0.285 0.295 0.415 0.324 0.336 0.461 0.367 0.382 
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974 CHAPTER 28 


Telephone fransmission-line data continued 


Representative values of line and propagation constants of 
miscellaneous cables 


All figures for loop-mile basis 
Nonloaded 


Temperature 55° fahrenheit 


16-gauge spiral-four (disc-insulated) toll-entrance cable 


freq characteristic | phase shift 
in resistance | inductance | conductance} capacitance | impedance radians/ 
ke/s | ohms/mile mh/mile umhos/mile uf/mile ohms mile 
0.1 42.4 2.00 0.042 0.02491 sar | 0.024 
0.5 42.9 1.98 0.053 0.02491 540-7460 0.045 
1.0 43.4 1.94 0.074 0.02491 428-j324 0.067 
1.5 43.9 1.89 0.102 0.02491 380-j275 0.085 
2.0 44.4 1.82 0.127 0.02491 350-230 0.101 
3.0 45.5 1.74 0.186 0.02490 307-3157 0.145 
§.0 47.5 1.64 0.320 0.02490 279-j107 0.218 
10 50.8 1.56 0.72 0.02489 258-J63 0.405 
20 56.9 1.53 1.95 0.02488 226-j36 0.78 
30 63.0 1,52 3.54 0.02488 248-j26 1.15 
50 73.0 1.51 7.1 0.02488 245-J19 1.90 
100 94.8 1.46 16.9 0.02488 243-j13 3.80 
150 113.5 1.44 27.1 0.02488 240-10 5.65 
200 130.0 1.43 38.0 0.02487 at ae 
22 AWG emergency cable 
side: 
0 166 1.00 co — ae anes 
1 <p =< 1.3 0.063 468-j449 — 
phawt: 
83 0.69 — say a a. 
1 — — 2.1 0.100 265-j250 =e 
19 AWG CL emergency cable 
shelos 
dry 0 92 1.39 negligible — _— _— 
wet 0 92 1.39 negligible _— _— _ 
dry 1 a negligible 0.110 272-j244 — —e 
wet 1 _— —_ negligible 0.14 239-j214 — 
phant: 
dry 0 46 0.5 negligible _— —_— —_ 
wet 0 46 0.5 negligible — — —_ 
dry 1 — re negligible 0.25 124-j116 _ 
wet | — _ negligible 0.28 117-7109 —_ 


attenuation 
db/ mile 


0.18 
0.32 
0.44 


0.49 
0.55 
0.64 


0.74 
0.85 
0.99 


1.10 
1.31 
1.71 


~ 2.08 
2.35 
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Telephone transmission-line data continued 


Coaxial cable 0.27-inch diam (New York—Philadelphia 1936 type) 


Temperature 68° fahrenheit 


freq characteristic| phase shift 
in resistance | inductance | conductance | capacitance | impedance radians/ | affenuation 
ke/s | ohms/mile mh/mile | umhos/mile pf/mile ohms mile db/mile 
50 24 0.48 23 0.0773 78.5 — 1.3 
100 32 0.47 46 0.0773 78 = 1.9 
300 56 0,445 156 0.0772 76 — 3.2 
1000 100+ 0.43 570 0.0771 74.5 — 6.] 
Coaxial cable 0.27-inch diam (Stevens Point-Minneapolis type) 
Temperature 68° fahrenheit 
0}; — — — — — — 0.75 
20{| — _ — — — — 0.92 
30 —— — oo a = == 1.10 
50 — — — a 79 -j6 = 1.38 
100} — _ — _ 77.8-j4 — 1.70 
300 => —— a — 76.1-j2 — 3.00 
1000} — — — — 75 1.3 = 5.6 
3000 — — _ — 74.5-J1.1 = 10 
10000}  — “ _ — — — 18 
Coaxial cable 0.375-inch diam (Polyethylene discs) 
1} — — _ _ — _ 0.53 
2, — _ ~ — — — 0.65 
30)  — _ — _ — — 0.72 
5; — _ — — 50+ — 0.90 
100}  — -- a = — — 1.18 
300; — — — — = + 2.1 
1000 | — — — - — — 4.0 
3000; — _ ~ — ~ ~ 7 
10000 — oe - ~ ~ —_ 13 
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Telephone-set comparison* 


The following graphs compare the 500-type telephone set (solid lines in 
the graphs) with the older 302-type set (dashed lines). 


* W. F. Tuffnell, “500-Type Telephone Set,” Bell Laboratories Record, vol. 29, pp. 414-418; 
September, 1951. 


Comparison of over-all response courtesy of Bell Laboratories Record 


transmitter 10-db pad transmitter 


P output 
in 6-cc 
coupler 


receiver receiver 


short loop 
{000 ft. 


response in decibels = 20 log,,(R./P) 


=25 


oO 200 400 600 800 1000 1500 2000 2500 3000 4000 
frequency in cycles per second 
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Telephone-set comparison = continued 


Relative volume levels Courtesy of Bell Laboratories Record 


loop resistance in ohms 


receiving 


aaa 
ee 


response in decibels 


0 2 4 6 8 10 12 14 16 
length in thousands of feet (26-AWG loop) - 
Comparative sidetone levels Courtesy of Bell Laboratories Record 


input pressure from 
artificial mouth 


output pressure in 
6-cc coupler 


sidetone response in decibels - 


-I5 


=20 


length in thousands of feet (26-AWG loop) 
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Negative-impedance telephone repeaters 


characteristic 


series type | 


| shunt type 


Generation of 
negative Z and Y 


Insertion gain 
between line A 


Z=(1-A)Z, 


Typical —Z generator 
* Positive feedback 


Typical —Y generator 
* Positive feedback 


and line B 
G 20 | i+ a | Sin ea y 
in = ———|db —2 Lane 
ain 0910 7atzp 0 lose ty 
Stability Ca eRte LesPl0 Ya + Ya -Yee 
conditions 


Typical network 
configurations for 
telephone lines 


Z network for loaded cable 


Maximum practical 
gain fora —Zor 
— Y repeater 


; -Z repeater 
line A 


Characteristic impedance 
Propagation constant 


I ll 


o— 


Y, —> 


Y network for nonloaded cable 
and open wire 


line B 


a | 
y = a+ JB per unit length / 
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Negative-impedance telephone repeaters continued 


For a series ( — Z-type) repeater 


\ NaZo,Aa+ Nao? ) | 
Maximum gain = —20 lo 1— Mt ——_—__ db 
P eed | ( Zu + ZoB 
where 
N sia a ae minimum normalized imped b , 
= ———__ = mini ormalized impedance seen repeater 


LG 
T= 55) exp — 2y/ = load reflection coefficient plus twice line loss 


M = stability factor, usually 0.9 (stability margin = 1 — M) 


For a shunt ( — Y-type) repeater 


Substitute Ye,a for Zo,a and Yo,B for Zo,B 


A negative-impedance telephone repeater is a voice-frequency repeater 
that provides effective gain by inserting a negative impedance into the 
line to cancel out the line impedances that cause transmission losses, 


It is possible to generate two distinct types of negative impedances. The 
series type is stable when it is terminated in an open circuit and oscillates 
when connected to a low impedance. The shunt type is stable when short- 
circuited but will oscillate when terminated in a high impedance. The shunt 
type may be regarded as a negative admittance. 


Because they represent lumped impedance discontinuities, series or shunt 
negative-impedance repeaters cause reflection at the point of insertion. 
These reflections produce echoes and limit the gain obtainable. To over- 
come these objections, series and shunt repeaters in combination are used. 


The chart on these pages illustrates the characteristics of the two types of re- 
peater. The chart assumes uniform lines. For nonuniform lines, reflections 
at all junctions must be computed and referred to the repeater location. 
In switched telephone trunks, Zz, is generally taken as zero or infinity. 


Between lines having reasonably similar impedances, the bridged-T-con- 
figuration combination repeater may be used. Its insertion gain is 


liga 
Gr = Dlogio}) 4 ZY 4 ZL Y 
4 Li +s Zp 5 Yea + Yx 
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Negative-impedance telephone repeaters continued -. 
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The characteristic impedance of the series-shunt repeater is 
Zo = (Z/Y)1? 

and its transmission is 

1] — x/2 

1+ x/2 

Where x=) (ZYIN2 =) 2) Zn = Ya 
The maximum gain obtainable from a bridged-T repeater is given by 
20 logio (exp y) < (RL4/2) + (RL,/2) 


where RL, and RL, are the minimum return losses of the two lines relative 
to the characteristic impedance of the repeater. For best results, the 
characteristic impedance of the repeater should be matched to that of 
the line having the higher return loss. | 


SPO) Qf = 


In practice, the above gain must be reduced somewhat to allow a margin 


of stability. 


In cases where the combination repeater is inserted between lines whose 
impedances differ by 3:1 or more, an “L" configuration (with the Z-type 
foward the higher impedance) may prove advantageous because of its 
impedance-matching properties. 


Carrier telephone systems 


Many types of carrier systems are available. These may be classified 
according to the following characteristics: | 


Speech bandwidth in cycles per second—300—2700, 250-2700, 250-3000, 
250-3100, 250-3400* 


Signaling method 

By type: 

Ringdown, dialing (E and M leads) 
By frequency (c/s): 


In-band— Single frequency 1000, 1600, 2100, 2280, 2600 
yh QOD 2700, 3000, interrupt carrier. 
Out-of-band— Single frequency 3400, 3550, 3700, 3850. 
Frequency shift (2 tones), 3400 and 3550, 3450 and 3550, frequency shift of 
carrier. . 


* With in-band signaling. 


Carrier telephone systems 
ELE LETTE T LTD TET EET LICE ELS LG ET TERI G EE 


Type of termination 
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continued 


2-wire, 4-wire, conditions for interconnection with other systems: 


4-wire input levels vary from —13 to —17 dbm. 


4-wire output levels vary from +4 to +10 dbm. 


2-wire input level is zero dbm. 


2-wire output level depends on circuit length, type of level stabilization, 
and hybrid balance. An average value is —9 dbm. 


Length of system 


Long haul, medium haul, short haul, subscriber carrier. 


Terms commonly used in carrier telephone transmission 


Four-wire termination: Separate wire pairs are employed to terminate the 


transmitting and 
at a terminal. 


receiving circuits 


Two-wire termination: The transmit- 
ting and receiving circuits are ter- 
minated in a single wire pair by 
means of a four-wire terminating set. 


Four-wire terminating set: A four- 
wire terminating set consists of a 
form of bridge circuit called a hybrid. 
The hybrid circuit may be made up of 
one or more transformers or it may 
be made up of resistors. The circuit 
is arranged so that the two-wire 
line and a balancing network form 
one pair of conjugate arms of the 
bridge. The four-wire input and out- 
put circuits are connected to form 
another pair of conjugate arms of 
the bridge. The amount of coupling 
between the input and output cir- 
cuits at any frequency is determined 
by the degree of match between the 
impedances of the balancing net- 


work and the two-wire termination.” 


termination 


4-wire input 


2-wire 


> 
balancing 
network 
C) 


<4— 4-wire output 


ee 
a ee 
a ee 
ee ee 


Two-coil hybrid; normal transmission loss 
= 3.5 to 4.0 db. 


—e.. 4-wire input 


balancing 
network 


2-wire . 
fermination 


Simple resistance, hybrid; normal trans-. 
mission loss = 6 db. 
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Carrier telephone systems continued 
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Compromise network: The two-wire termination at a terminal is usually of 
varying impedance. It is therefore not practical to provide a network that 
will maintain a good hybrid balance under all conditions. A compromise 
network (usually a resistance in series with a capacitor, the values of which 
are determined by the general level of impedance) is employed to provide 
adequate average balance. 


Transhybrid loss: The transhybrid loss is the transmission loss measured 
across the hybrid circuit for a given two-wire termination and balancing 
network at a given frequency. 


Return loss: The return loss (RL) is the transhybrid loss less the sum of the 
losses from the two-wire path to each of the four-wire terminals. 


oy eZ 


(Return loss) = 20 lo 
eturn loss gio ahi 


where 


Zy = network impedance 
Z;, = two-wire termination impedance 
Crosstalk units: (CU) 


(Number of crosstalk units) = 10° X (P/Ps)'/? 
where 


P» = power in the disturbed circuit 

P, = power in the disturbing circuit 

In decibels, 

(crosstalk) = 20 logio (10®/crosstalk units) = 10 logio (Ps/Pr) 


Relative level: The relative power level at a point of the system, expressed 
in nepers, is one-half the natural logarithm of the ratio of the power at 
that point to the value of the power at the point of the system chosen as 
a reference point. Expressed in decibels, it is ten times the decimal logarithm 
of the above ratio. (Note: The reference point normally chosen is the test 
board at the transmitting end of the long-distance line.) 
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Carrier telephone systems continued 
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Net loss (equivalent): The net loss of a transmission system is the difference 
between the relative levels at the input and output of the system; in cases 
where the input corresponds to a point of zero relative level, it is equal in 
value, but opposite in sign, to the relative level at the output. 9 db is con- 
sidered as a representative net circuit loss for a long circuit. Lower values may 
be employed provided satisfactory echo and singing margin are obtained. 


Singing margin: The singing margin of a circuit is defined as the maximum 
amount by which the net loss of each of the two directions of transmission 
may be reduced simultaneously before singing occurs. A minimum value of 
8 db is generally required for satisfactory transmission. 


Intelligible crosstalk: In the coaxial case, a maximum length of parallel 
between any disturbing and disturbed channel is fixed by American Tele- 
phone and Telegraph Company at 1000 miles. Under this condition, the 
rms coupling in crosstalk units is required to be equal to at least 64 db 
between the zero level of the disturbing circuit and the —9-db level of 
the disturbed circuit. When crosstalk is unintelligible, it is treated as noise 
and the noise thus introduced should be consistent with the noise allowance. 
The American Telephone and Telegraph Company specifies that the 
crosstalk coupling in decibels corresponding to the root-mean-square 
value of all combinations, expressed in crosstalk units, shall be 55 db 
between equal-level points. 


E and M leads: The E and M leads of a signaling system are the output 
and input leads, respectively. The E lead provides an open or ground. 
The M lead accepts open or ground, or battery or ground, as the circuit 
may require. 


Frequency-allocation and level-comparison charts 


The following notes apply to the charts of frequency allocation and level 
comparison (pp. 834-837) for the various commonly used wire and cable 
carrier telephone transmission systems. 


Notes: 

Solid arrows = carrier frequencies FTR = Federal Telephone and Radio Company, 
Dotted arrows = pilot frequencies a division of IT&T 

4. = east-west or A-B direction STC = Standard Telephones and Cables, Limited 
4 = west-east or B-A direction WECo = Western Electric Company 


KSS = Kellogg Switchboard and Supply Com- 
pany, a division of IT&T 
1 
| = channel No. 1 


= signalling frequency 
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Carrier telephone systems continued 
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Frequency allocations for open-wire carrier telephone systems 


9Al bd abet iat vile gah cover speech bi 300 = 2700 cycles | 3 
Cet ts ar 
1(FS 
“bch coo ee A | 
 ) OFI(FU) 5 300-2700 cycles | 
bites 
( SOAI | 
a (short haul) | 
= 
“ | SOBI 
(long haul) 
KSS 5 
WECo H 
2 Al 2 
9B1-CS in eee : | 
= Ba ean ati Dele ob | a 249 sidebands cover ~ 
~ | 9B1=-CU Bigs | [ele] ee) 84 300-2700 cycles 
126 B ! 


SOS=3 ae 


re ei 


sidebands cove 
300-2600 cyc 


V ala 6.0 gpl08r 124 ft 
” | sTOA-3/6* 4. 
bias sidebands covei 
STOB-3/6* os 300-2700 - 
Me besa gd 4 : : 
G C5-CuU altel sidebands cove: 
> C5<CA 2 250-2750 | 
lee LLL eta 


frequency in kilocycles/second | 
| 
* Letters A, B, C, D designate 4 band locations in each of which 6 telegraph channels may be apr’ 
See notes on p. 833. \ 


4| 


i 
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Compandors 


Compandors are employed on a telephone channel to improve the noise 
and crosstalk quality of the channel. 
compressor expandor 
input output input output | 
+10 
+5 


zero-level—point output in dbm 


transmission 
equipment and 
~ medium 


steady-tone input at zero-level point in dbm 


-40 


compressed 
volume range 


-50 
A compandor circuit includes a compressor at the transmitting end and an 
expander at the receiving end. 
Syllabic type of compandors may be applied to any telephone channel. 


The standard type of compandor employs a 2:1 compressor (output ampli- 
tude increases 1 db for each 2 db increase in input amplitude) and an 
expander that has the inverse characteristic. With this type of compandor, 
an effective signal-to-noise improvement of about 22 db may be expected. 


Limitations to compandor application 


Compandors, due to expander action, will double the decibels effective 
line-loss variations and variations in loss at the different frequencies. 


Unusually high noise levels will not be materially reduced. 
Telephone noise and noise measurement 


Definitions 


The following definitions are based upon those given in the Proceedings of 
the tenth Plenary Meeting (1934) of the Comite Consultatif International 
Téléphonique (C.C.I.F.). 
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Telephone noise and noise measurement continued 
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Note: The unit in which noise is expressed in many of the European countries 
differs from the two American standards, the noise unit and the db above 
reference noise. The European unit is referred to as the psophometric electro- 
motive force. 


Noise: Is a sound which tends to interfere with a correct perception of vocal 
sounds, desired to be heard in the course of a telephone conversation. 


It is customary to distinguish between: 


Room noise: Present in that part of the room where the telephone appa- 
ratus is used. 


Frying noise (transmitter noise): Produced by the microphone, manifest 
even when conversation is not taking place. 


Line noise: All noise electrically transmitted by the circuit, other than room 
noise and frying noise. 


Reference noise: The reference power level for noise measurements in the 
United States has been standardized as 10 ” watts, or 90 db below 1 
milliwatt at 1000 c/s. Noise power readings may be expressed in dbrn 
(db above reference noise). 


Noise weighting: Noise weighting is employed to obtain a noise measure- 
ment that is representative of the relative disturbance effect of the noise 
frequencies in a communication 
system. The two types of weight- 
ing networks (144 and FIA) used 
in the United States are based on 
the relative frequency response. . 
of the type-l44 and type-FIA 
telephone handsets, respectively. 
Noise measurements made with 
the 144 weighting network are frequency in cycles per second 
expressed in dbrn or dba. Both Noise weighting networks. Response relative 
: to 1000 c/s. 
are equal in value (db above —90 
dbm). Noise measurements made with FIA weighting network are expressed 
in dba (db above —85 dbm). (Listening tests have indicated that the FIA 
handset is 5 db more sensitive than the 144 receiver.) An expression of 
noise in dba (db adjusted) is indicative of the disturbing effect independent 
of the network used. 


decibels below reference level 
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Telephone noise and noise measurement continued 


Psophometric electromotive force 


The psophometric electromotive force is the electromotive force of a 
source having an internal resistance of 600 ohms and zero internal reactance 
that, when connected directly to a standard receiver of 600-ohms resistance 
and zero reactance, produces the same sinusoidal current as that of an 
800-cycle generator of the same impedance as above. 


A psophometer (includes a filter weighting network specified by C.C.I.F.) 
connected across the terminals of the 600-ohm receiver gives a reading 
of half of the psophometric electromotive force for the particular case 
considered. The term ‘‘psophometric voltage’’ between any two points 
refers to the instrument reading between these points. 


Noise levels 


The amount of noise found on different circuits, and even on the same circuit 
at different times, varies through quite wide limits. Further, there is no definite 
agreement as to what constitutes a quiet circuit, a noisy circuit, etc. The fol- 
lowing values should therefore be regarded merely as a rough indication of 
the general levels that may be encountered under the different conditions: 


Open-wire circuit a Piet: 
Quiet 20 
Average 35 
Noisy 50 
Cable circuit 

Quiet 15 
Average 25 
Noisy 40 


Relationship of European and American noise units 


The psophometric emf can be related to the American units: the noise unit 
and the decibel above reference noise. 


The following chart shows this relationship together with correction factors 
for psophometric measurements on circuits of impedance other than 600 
ohms. 
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Relationship of European and American noise units 


American 
standards 


noise units 


bf 


7000 


20 


N@ WG 


db above 
reference noise 


» 4 


. 60 


40 


30 


20 


C.C.1.F. 
standard 


mv 


psophometric 


emf 


vw 
90 
80 
76 


60 
$0 


40 


30 


20 


> @ AN BOS 


0.2 


0.1 


G. The relationship of noise units to decibels 
above reference noise is obtained from tech- 
nical report No. 1B—-5 of the joint subcom- 
mittee on development and research of the 
Bell Telephone System and the Edison Electric 
Institute. 


b. The relationship of db above reference 
noise to psophometric emf is obtained from 
the Proceedings of Comite Consultatif Inter- 
national Telephonique, 1934. 


C. The C.C.I.F. expresses noise limits in 
terms of the psophometric emf for a circult of 
600 ohms resistance and zero reactance, ter- 
minated in a resistance of 600 ohms. Measure- 
ments made in terms of the potential difference 
across the terminations, or on circuits of im- 
pedance other than 600 ohms, should be cor- 
rected as follows: 


Psophometric emf = E 
E = 2V 


6002 


A psophometer 


measures V not E 


d. Reference noise—with respect to which 
the American noise measuring set is calibrated 
—is a 1000-cycle/second tone 90 decibels 
below 1 milliwatt. 


84? CHAPTER 28 


Telephone noise and noise measurement continued . 
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Multichannel frequency-division loading* 


The graph at the right shows the re- 
quired single-tone capacity in dbm 
of a system at a point of zero trans- 
mission level as a function of the 
total number of telephone channels. 
The peak value of the single-fre- 
quency tone will not be exceeded 
by the peak value of the actual multi- 
channel signal more than 1 percent 2° 
of the time during the busy hour. 


number of channels 
oO 
Oo 


ee eee 
aya ieee 
A Ae 


with el | aul ap 


soy limiting 


* B. D. Holbrook and J. T. Dixon, “Load Rating 


Theory for Multi-Channel Amplifiers,” Bell 


System Technical Journal, vol. 18, pp. 624— 


644; October, 1939. rms test-tone load capacity in dbm. 
Telegraph facilities 


International Morse and cable codes 


International Morse code is determined by combinations of unipolar current 
pulses-of short and long (= 1:3) durations: 


=| LI pene 


international cable code is determined by combinations of bipolar current 
pulses of the same length: 


“i : i 
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Telegraph facilities — continued 


Code combinations 


international international international international 
character Morse cable character Morse cable 
OS ee Sees as ce 
ee a tet Si a ee 
ewgecr. ged | oe ees mt 
eee. ore toe | ie yer e 
E + 'o © wee 2 
Swecoe  lttete | Ie [eats e 
es, | lee eM ees ec 
ee ee : ay We Ta $ 
121" stale et Sochticn See 
ee eee —=- “2 
ke oe —~+- hork |+——-— = 
a er ee ee ee S 
M ae —-— CH ee eee ee ee > 
ae | > 
ee TTS, 5 
Oo -—— a Oo ads - a ee = 
P ae +-=dal  v _— S 
a Ss ae oe : 
R fee! + A WD dade sade 5 
3. Se ee ee = F: 
EP eee eee ay y= s 
U _ 72" | sos — 2 
Vv oo +++- Attention | —*> => — Nad rs 
Tie ee bs sical yh hn a MAE ES S 
be if aE ee a bore 
Neen “|r Gouhead | are 8 
Z eet te —-—-++4 W ait 4 SSeS v 
1 > aaa fy ge pares cag Sepeiae pleeppneteen <— 
2 pear eaa Baie aay Understand] > ++ —-» 
Meo hk a ae | Lion as een 
A [eeeem fH HAH] OOK Oe 
ea ea ee cy | sae ose fom sn Reiss 
6 BR Se ee eer oy a So 
z, -— sosehtheh work sehr: 
8 |---:: j---++ 
a ae ellie ee 


fo) 
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Telegraph facilities continued 


Printing-telegraph codes 


Teletype CCIT 2 
lower-case 7-unit code 5-unit code* 
character SS 


ad 


sit 1 2 3 4 5 stp 23 4 
oe 
ee 
0 ®@ 
0 @ 
on 
0 ® 
@ © 
ee 
0 ® 
0 @ 
on ee 
eo. 
® ® 
O-@ abd. 
© @ 
56 
@0 
oe |. 
0® 
@@ 
on ee 
eo. 
ee 
eo. 
6 © 
® ® 
0® 


O @ 


O|®@ 
@;0O 


SEG) | =m S| @ | ow | > 
O10} @/ 0/0} @|@/0;/6/@/O;/S/O;S/@/O;/S/@S/ol@elolel@lolelolocielo 


@| 0} O| @/ @/1@) 0} 0/0/8/O1@/@)/O;/@;/oO;C/oC;elo/@ 

@/ 0/8) 0/@/@/C/@/@/O;/ S/O; @/@/O;/@;/O;/C/e@/o/o 

O}O}|O|]@/ 0} 0; @| @,@|0;@,@;0,/0;@;/@,/0;/@/@/6!0 
@/ O/ @/ 0/0} @/ 0/8) 0) @/@)/C;/O/OC/@/@/O/O/Ol;Ol@elo]a 


OO} SC) OO; S,O/O/C/OClO;S;S/OC/C/C\@/@e\e\clele 


@|@ 
4 
O|® 


N 


Blank 


Space 


| | 
G0 elele 


Carriage return 


O}@/} 0} 0/0} 0} @)0/@) 0/0/10; @)/O/0;@/@/@/O;@/Slol|C;/@ele|o\/el@\e/o 


O}O}O|] 0} 8} @| @|@/ 0; @/0;/G)/C/@!O;/O/OClO/Ol@/@/ol/oC;olele\e 
@/ 0/0} 0} 0} 0} O| @/@}/@) 0} 0} @)/@)\@)/O}O/C)/O/@\@j;@lo;@loOlolo 


Line feed 


Figures 


O70} OF OOH} ClO) O | OFC 150) 01 OF O10)'0)] 0} OO} 61 O10] 0} 0 OO hOVOO) OO 


Letters 


Idle 


Idle signal a 


Idle signal 6 


Request 


| 


| 


saa 


ff O7Os Or OeG 


ARQ 7-unit 
Moore code 


123 4 


O}O/O0}0/@|0}0;/@}0}/@)/@/O;O0;}0;/0]}/@/O0};o/;o 


OCOlLOLOlOC/@lC/@\O/@l\o|elele 
Si ClOl@e/OC!\Sl/O/@l\@!Olololo 


O;}0|}8@1|6|e@ 
olelolole 
oe] 

& 


0808 
O80 ® 
O@@O 
OnOr Ore 


* International Telegraph Alphabet 2 = space (start) + 5-unit Comite Consultatif International 


code 2 + mark (stop). 


5 6 7 


O|@/@) @/ 0/0) @/ 0) 8/8) 0/@/@)/O;O/OC}O}/O}O}O]o 
O}O}@;/O} 0/0} 0} @/ 0} 0} @|@/ 0/0} @/@)/e@)0/@/0;/@|O};oO/o 
@/O/0/ SOO SCO; O/O/O/O/@/C/@/@lo/OClele@elololo 


@;@);O;oO;O 
@|/@/0;/®@|/0O 
O}O/O0}@/O0 


Telegraphique 
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Telegraph facilities continued 


Printing-telegraph code card 


upper case 


new U. S. Navy 


standard 
Army, old Navy 


(Teletype A) 
British standard 
Western Union 
101 and 102 
Western Union 
10IC and 102C 
American Cable 


Western Union 
Western Union 
2c 


(Teletype C) 
2B 


lower-case 
character 


TWX 


B ea Ra BALA Sea; er a a Le 
C Be SEE BSNS awe de ec cst ol eee a ie Ried | a 
Who are Who are 
D $ $ $ you! $ $ $ $ you | XXX 
E 3 3 3 ae 3 3 3 3 3 
F ! ! Y% % Ye 4 O 
G & & & @ me | ee & & | ei. 
H £ £ Stop | £ £ # # # Z 
I 8 8 8 8 8 8 8 8 8 8 
J ; j Bell? | Bell : Bell - Bell Bell 
K ( | AE el Ge (RT RCE a TS ee ( 
L ) ) 34 ) ) 34 ) 34 ) ) 
M ; ‘ % ? ; ; 
we ei oe 2 oe eee a a” 
N note J h% F : K% Fi i% , 3 
) ie eo er. ee en 8 ee eo 
P 0 | Gv 0 0 0 0 0 0 0 0 
Q 1 1 1 1 1 1 1 1 1 1 
R 4 4 4 4 4 4 4 4 4 4 
S Bell Bell Bell ’ q Bell ' Bell ! ! 
TT: 5 5 5 5 5 5 5 5 5 5 
U 7 7 7 7 7 7 7 7 if 7 
V ’ ’ ¥% a > % ’ 3% = = 
Ww a> ey ON RE SOL ee ae a 
x TA ES ae SO a ee ee | a ee ae 
¥ 6 6 6 6 6 6 6 6 6 6 
Z i | ee | ee ec pe aah a eb ee " n ie sy is 
Line Line Line Line Line Line Line Line 
Line feed feed feed feed feed feed feed feed feed 
Carriage Car Car Car Car _ Car Car Car Car 
return ret ret ret ret ret ret ret ret 
Figures A Figs Figs Figs Figs Figs Figs Figs Figs Figs Figs 
Letters4 y Ltrs | Ltrs | Ltrs Ltrs | Ltrs | Ltrs | Ltrs Ltrs | Ltrs | Ltrs 
Space Space | Space | Space | Space | Space | Space | Space | Space Space | Space 
Blank‘ 000 Blank | Blank | Blank | Blank | Blank | Blank | Blank | Blank | Blank | Blank 
Tape printers 
Car ret ‘Car ret | Car ret | Car ret 
< or . ? ’ . ’ 
Line feed Line Line | Line 
= or xx feed . | feed . | feed # 
Figures A 


Notes 

1. Not used on British Army field machines. Used on British national network. 
2. Not used by British Army. 

3. Key left blank but comma remains on type bar. 

4. Symbols on lower-case line are used on certain monitoring sets. 
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Telegraph facilities continued 


Signaling speeds and pulse lengths 


The graph below shows the speeds 
of various telegraph systems. The 
American Morse curve is based on 
an average character of 8.5 units 
determined from actual count of 
representative traffic. The Con- 
tinental Morse curve similarly on 
9 units, and the Cable Morse on 
3.7 units. 


cycles per second * 
ra ip eet. So 


8 


6 
oO 


words per minute per channel 


60 100 200 300 


operations per minute per channel 


speed of usual types 


tbl frequency 
in cycles* bauds 

Grounded wire 75 150 
Simplex (telephone) 50 100 
Composite 15 30 
Metallic telegraph 85 170 
Carrier channel 

Narrow band 40 80 
Wide band 75 150 


400 


* Based on repetition rate of shortest signaling element. 


Feed holes: For Morse, (number feed holes/second) = (number cycles/second). 
For multiplex and teleprinter, (number feed holes/second) = (words/minute) /10. 


500 


600 


600 


length of pulse in milliseconds 
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Telegraph facilities — continued 


International telegraph alphabet 2 


The following notes are excerpts from the Comite Consultatif International 
Telegraphique regulations, Paris, 1949, revision pertaining to the Inter- 
national Telegraph Alphabet 2. 


221. A number which includes a fraction shall be transmitted with the fraction 
linked to the whole number by a single hyphen. Examples: 


1-3/4 and not 13/4; 3/4-8 and not 3/48; 
363-1/2 4 5642 and not 3631/2 4 5642 


222. The inverted commas sign (quotation mark) (‘ ") shall be signalled 
by transmitting the apostrophe sign (') twice, at the beginning and the end 
of the text within the inverted commas (quotation marks) (‘* "). 


223. Accents on the letter E shall be made by hand when they are essential 
to the meaning (examples: achéte, acheté). In this case the sending telegra- 
phist shall repeat the word after the signature, signalling the accented E 
between two “blanks” so as to draw the attention of the receiving operator 
to it. 


226. To indicate “wait’’: the combination MOM 
227. To indicate the end of a telegram: the signal + 
228. To indicate the end of the transmission: the two signals + 2 


229. To indicate the end of work: the signal + transmitted twice by the 
office which has transmitted the last telegram. 


231. In the interests of speed and efficiency in the movement of telegraph 
traffic and to further the development of a world-wide telecommunication 
network, the five-unit code, in accordance with the International Telegraph 
Alphabet 2, is recommended. However, this provision need not apply 
where Administrations or recognized private operating agencies have 
made other arrangements for particular circuits or networks. In such cases, 
the Administrations and recognized private operating agencies concerned 
could provide suitable facilities for converting from their method of opera- 
tion to the five-unit code of International Telegraph Alphabet 2 whenever 
it becomes desirable to interconnect with offices using the latter system. 


234. Signs: 
Full stop (period). 


Comma : 


Colon 
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Telegraph facilities — continued 


Question mark (note of interrogation)  ? 
Apostrophe 
Cross ris 
Hyphen or dash — 
Fraction bar i 
Double hyphen = 
Left-hand bracket (parenthesis) ( 

Right-hand bracket (parenthesis) ) 


240. Administrations and recognized private operating agencies desirous 
of confirming on a tape machine the reception or transmission of the signals 
“carriage return" and “‘line feed” shall effect this confirmation by printing: 


241. The symbol < for the signal ‘carriage return”; 


242. The symbol = for the signal “line feed”. 


243. The provisions regarding the transmission of words, whole numbers, 
fractional numbers, texts within inverted commas (quotation marks) and 
the letters &€ and 6, which are applicable to instruments using International 
Telegraph Alphabet i (§2), shall also be applicable to instruments using 
International Telegraph Alphabet 2. 


244. A group consisting of figures and letters shall be transmitted without 
space between figures and letters on these instruments. 


245. To indicate the sign o/o or 0/00, the figure O, the fraction bar (/) 


and the figures 0 and 00 shall be transmitted successively. Examples: 0/0, 
0/00. 


246. To indicate a “blank”, the signal “space” shall be transmitted. 


247. To indicate a transmission error, the letter E and the signal “space” 
shall be repeated alternately three times. Transmission shall be resumed 
beginning with the last word correctly sent. When transmitting with per- 
forated tape and provision exists for eliminating incorrectly perforated 
characters, this method shall be used. 


248. To indicate “wait’, to show the end of a telegram, the end of a 
transmission or the end of work, the signals transmitted shall be the same as 
on instruments using the International Telegraph Alphabet 1 (§2). 


WIRE TRANSMISSION 649 
Telegraph facilities continued 
RE SE TE LTE WES 


Carrier telegraph systems 

Carrier telegraph systems may be classified as follows. 

Modulation | | 

Amplitude (am), freauency shift (fm) 

am systems are less susceptible to carrier drift. 

fm systems are less susceptible to noise and level variations. 

Transmission speed: (5 characters per word) words per minute: 60, 75, 100 
Channel spacing: (c/s) 120, 145, 170 


Each of the three spacings is used in the United States. The 120-c/s spacing 
is standard outside the United States. 


Carrier or midfrequencies generally used in 120- and 170-cps systems are: 
Lowest 420 c/s increased by 120-c/s increments 
Lowest 425 c/s increased by 170-c/s increments 


Intercarrier-channel telegraphy: Carrier telegraph channels are applied in 
the available frequency spectrum between carrier telephone channels, 
The number applied is determined by the frequency spectrum available. 
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Mi Electroacoustics 


Theory of sound waves* 
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Sound (or a sound wave) is an alteration in pressure, stress, particle dis- 
placement, or particle velocity that is propagated in an elastic material; 
or the superposition of such propagated alterations. Sound (lor sound 
sensation) is also the sensation produced through the ear by the above 
alterations. 


Wave equation 


Behavior of sound waves is given by the wave equation 


v2, — 1 oP (1) 


where p is the instantaneous pressure increment above and below a steady 
pressure (dynes/centimeter’); p is a function of time and of the three co- 
ordinates of space. Also, 


t = time in seconds 
c = velocity of propagation in centimeters/second 


V2 = the Laplacian, which for the particular case of rectangular co- 
ordinates x, y, and z (in centimeters), is given by 
9? BY) apport 
Vij es ee ee (2) 
Ox Oy) 02" 
For a plane wave of sound, where variations with respect to y and z 
are zero, V2p = 0%p/dx? = d?p/dx*; the latter is approximately equal to 
the curvature of the plot of p versus x at some instant. Equation (1) states 
simply that, for variations in x only, the acceleration in pressure p (the 
second time derivative of p) is proportional to the curvature in p (the 
second space derivative of p). 


Sinusoidal variations in time are usually of interest. For this case the usual 


procedure is to put p = (real part of pe”), where the phasor p now 
satisfies the equation. 
V2p5 + (w/c)? p = 0 (3) 


Velocity phasor V of the sound wave in the medium is related to the complex 
pressure phasor p by the formula 


v = —(1/jwpo) grad p : (4) 


* Lord Rayleigh, ‘Theory of Sound,” vols. | and Il, Dover Publications, New York, New York; 
1945. P. M. Morse, “Vibration and Sound,” 2nd edition, McGraw-Hill Book Company, New York, 
New York; 1948. 


eo 
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Theory of sound waves continued 
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Fig. Table of solutions for various parameters. 
type of sound wave 


factor | plane wave spherical wave 


Pp _ 10%p Op , 20p 10% 
Equation for p plas Se eld 


Ox? = 2 oF Ox? ror c2 of? 
0 a NTN Sy ea a 
} fe d?p 2), a p .i2dp (2) 
Equation for p aha (: p=0 he + ich + Fy Ot 0 
RS oe eo Jo Ee SOE cc 
: x 1 x 
Solution for p p=F(1—% p= 1F (1-2) 

c r ¢c 
a 
Ae ei am DTS 2 1 — —dwr/e 

Solution for p p = Ae aa a p= 7 Ae / 
fa 2 A —jwxzf/e 2 A —jwr fe 
Solution for v pene orn ve A (+5 € / 
poc pocr jor 
Z Z = poe Z = pxe/ (1 eee 
jor 
Pree seer pier omteee ott ee oe ee Sa 
Equivalent 
electrical _ 
circuit for Z 
Z-— Re 
where 


P = excess pressure in dynes/centimeter? = specific acoustic impedance in dyne- 


seconds/centimeter® 


NI 


P = complex excess pressure in 


: 2 A ° 
dynes/centimeter ¢ = velocity of propagation in centimeters / 
t = time in seconds second 


xX = space coordinate for plane wave in = 2nf; f = frequency in cycles/second 


centimeters 


€ 


F = an arbitrary function 
r = space coordinate for spherical wave in __ 
centimeters A 


complex constant 


v = complex velocity in centimeters/second pp = density of medium in grams/centimeter® 
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Theory of sound waves continued 


Specific acoustical impedance Z at any point in the medium is the ratio 
of the pressure phasor to the velocity phasor, or 


= p/¥ (5) 


Fig. 2—Table of intensity levels. 
peak-to-peak 


Average con- 


intensity root-mean- | root-mean- particle 
level in square square displacement 
decibels sound particle for sinsuoidal 
above 107! | intensity in | pressure in | velocity in tone at 
type of watts/centi- | microwatts/ dynes/ centimeters/ | 1000 cycles 
sound meter” centimeter? | centimeter? second in centimeters 
Threshold of 
painful sound 130 1000 645 6.98 X 1073 
Airplane, 1600 
rpm, 18 feet 121 126 228 2.47 X 1073 
Subway, local 
station, express 102 1.58 40.7 4.40 X 1074 
passing 
Noisest spot at 
Niagara Falls 92 0.158 12.9 1.39. _</10s— 
Average auto- 
mobile, 15 feet 6.98 X 10% 


15.5% 1074 6.98. X 105 


Ez 
| ri 
|i 
te 
Looe mae 
[oan | ne 


versational 

speech 70 1078 0.645 

3} feet 

Average office 55 3.16 X 1075 0.114 2.75 X 107* | 1.24 <a 
Average 
residence 40 10% 20.4 10°73 | 4.9 * 10 "|" 2217 x ee 
Quiet whisper, 

5 feet 18 6.3 <, 10-9 1.6200 10g ies eles 175 xX 1a 
Reference level 0 10-10 2.04 X 1074 | 4.9 & 1076 2.21 *% Wee 


= ane 


t 
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Spherical waves: The solutions of (1) and (3) take particularly simple and 
instructive forms for the case of one dimensional plane and spherical waves 
in one direction. Fig. 1 gives a summary of the pertinent information. 


For example, the acoustical impedance for spherical waves has an equivalent 
electrical circuit comprising a resistance shunted by an inductance. In this 
form, it is obvious that a small spherical source (r is small) cannot radiate 
efficiently since the radiation resistance poc is shunted by a small inductance 
por. Efficient radiation begins approximately at the frequency where the 
resistance por equals the inductive (mass) reactance poc. This is the frequency 
at which the period (= 1/f) equals the time required for the sound wave 
to travel the peripheral distance 2rr. 


Sound intensity 


The sound intensity is the average rate of sound energy transmitted in a 
specified direction through a unit area normal to this direction at the point 
considered. In the case of a plane or spherical wave, the intensity in the 
direction of propagation is given by 


I = p*/pe_ ergs/second/centimeter? (6) 
where 

p = pressure (dynes/centimeter?) 

p = density of the medium (grams/centimeter’) and 


c = velocity of propagation (centimeters/second) 


The sound intensity is usually measured in decibels, in which case it is 
known as the intensity level and is equal to 10 times the logarithm (to 
the base 10) of the ratio of the sound intensity (expressed in watts/cen- 
timeter’) to the reference level of 10-!® watts/centimeter. Fig. 2 shows 
the intensity levels of some familiar sounds. 


Sound in gases 


The acoustical behavior of a medium is determined by its physical charac- 
teristics and, in the case of gases, by the density, pressure, temperature, 
specific heat, coefficients of viscosity, and the amount of heat exchange 
at the boundary surfaces. 
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Sound in gases __ continued 
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The velocity of propagation in a gas is a function of the equation of state 
(PV = RT plus higher-order terms), the molecular weight, and the specific 
heat.* 


For small displacements relative to the wavelength of sound, the velocity 
is given by 


c = (ypo/ po)?!” (7) 

where 

y = ratio of the specific heat at constant pressure fo that at constant 
volume 

Do = the steady pressure of the gas in dynes/centimeter? 

po = the steady or average density of the gas in grams/centimeter?® 


The values of the velocity in a few gases are given in Fig. 3 for 0 degrees 
centigrade and 760 millimeters of mercury barometric pressure. 


The velocity of sound c in dry air is given by the following experimentally 
verified equation 
c = 33,145 + 5 centimeters/second 

= 1,087.42 + 0.16 feet/second 


for the audible-frequency range, at 0 degrees centigrade and 760 milli- 
meters of mercury with 0.03-mole-percent content of CO2. 


The velocity in air for a range of about 20 degrees centigrade change 
in temperature is given by | 


33,145 + 60.7T, centimeters/second 
= 1,052.03 + 1.106T; feet/second 


where Te is the temperature in degrees centigrade and Ty in degrees 
fahrenheit. For values of T, greater than 20 degrees, the following formula 
may be used 


c = 33,145 & (T;,/273)1/2 centimeters/second 


where Tx is the temperature in degrees kelvin. 


C 


For other corrections when extreme accuracy is desired, reference should 
be made to the literature. 


* H.C. Hardy, D. Telfair, and W. H. Pielemeier, “The Velocity of Sound in Air,” Journal of the 
Acoustical Society of America, vol. 13, pp. 226-233; January, 1942. See also L. Beranek, “Acoustic 
Measurements,” John Wiley & Sons, Inc., New York, New York; 1949: see p. 46. 

+H. C. Hardy, D. Telfair, and W. H. Pielemeier, “The Velocity of Sound in Air,” Journal of 
the Acoustical Society of America, vol. 13, pp. 226-233; January, 1942. 
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Sound in gases continued 
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Fig. 3—Velocity of sound in various gases.* 


velocity 
gas symbol in meters/second in feet/second 

Air — 331.45 1087.42 
Ammonia NH3 415 1361 
Argon A 319 1046 
Carbon monoxide Co 3oFs1 1106 
Carbon dioxide COz 268.6 881 (above 100 c/s) 
Carbon disulfide CSe 189 606 
Chlorine Cl 205.3 674 
Ethylene CoH, S17, 1040 
Helium He 970 3182 
Hydrogen He 1269.5 4165 
Illuminating gas — 490.4 1609 
Methane CH, 432 1417 
Neon Ne 435 1427 
Nitric oxide NO 25 1066 
Nitrous oxide N2O 261.8 859 
Nitrogen Ne 337 1096 
Oxygen Ox» Si7.2 1041 
Steam (100° C) H2O 404.8 1328 


* From, “Handbook of Chemistry and Physics,” “International Critical Tables,"" and Journal of 
the Acoustical Society of America. 


From (5) and Fig. 1, characteristic impedance is equal to the ratio of the 
sound pressure to the particle velocity. 

a= p/v = poc cos > 

where 

For plane waves, ¢ = 0 and cos ¢ = | 

For spherical waves, tan @ = d/2ar 

and 

\ = wavelength of acoustical wave 


r = distance from sound source 
For r greater than a few wavelengths, cos @ ~ 1. 


Characteristic impedance poc in dyne—seconds/centimeter® (rayls) for 
several gases at 0 degrees centigrade and 7640 millimeters of mercury is 
given in Fig. 4. 
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Sound in gases continued 
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Fig. 4—Characteristic impedance poc for gases. 


gas | symbol | poe 
Air — 42.86 
Argon A 56.9 
Carbon dioxide CO.2 51.1 
Carbon monoxide CO 42.1 
Helium He 17.32 
Hydrogen He 11.40 
Neon Ne 38.3 
Nitric Acid NO 43.5 
Nitrous oxide N2O §1.8 
Nitrogen No 41.8 
Oxygen Oz 45.3 


Sound in liquids 


In liquids, the velocity of sound is given by 


c = (1/Kpy)!/2 centimeters/second 
where 


K = compressibility in centimeters/second?/gram and may be regarded as 
constant 


Fig. 5—Velocity of sound in liquids. 


velocity in (cm/sec) 


liquid | temperature in °C x 10° 

Alcohol, ethyl | 12.5 1.24 
| 20 1.17 

Benzene 20 1.32 
Carbon disulfide 20 1.16 
Chloroform 20 1.00 
Ether, ethyl 20 1.01 
Glycerin 20 Vere" 
Mercury 20 1.45 
Pentaine 18 1.05 
20 1.02 

Petroleum 15 1.33 
Turpentine 3.5 L337 
27 1.28 

Water, fresh 17 1.43 


Water, sea (36 parts/million salinity) 15 1.505 
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K = (47 X 10°) /981 for most liquids 


Figures for the velocity of sound through some liquids in centimeters/second 
is given in Fig. 5. 


Sound in solids 


The velocity of sound in solids is determined by the shape and size of the 
bounded medium as compared with the wavelength of the excitation. For 
rods or square bars with unconstrained sides, the velocity of propagation 
varies with the ratio of thickness to wavelength, being, for a wavelength 
in diameter, about 0.65 times the zero-diameter-to-wavelength ratio. 


Some experimental values are given in Fig. 6. 


Fig. 6—Velocity c of sound in longitudinal direction for bar-shaped solids in centimeters 
/second.* 


veloc- veloc- 
ity ¢ ity c 
material (X 10°) material (< 10°) 
Aluminum 5.24 Crystals continued 
Antimony 3.40 Rochelle salt (sodium potassium 
Bismuth ier Ae. tartrate, KNaC4H4Og . 4H2O) 
Brass 3.42 45° Y-cut 2.47 
Cadmium 2.40 45° X-cut 2.47 
Constantan 4.30 Calcium fluoride (CaF, fluorite) 
Copper 3,55 X-cut 6.74 
German silver 3.58 Sodium chloride (NaCl, rock 
Gold 2.03 salt) 
Iridium 4.79 X-cut 4.5] 
Iron SANZ. Sodium bromide (NaBr) 
lead £25 X-cut PR fees 
Magnesium 4.90 Potassium chloride (KCI, sylvite) 
Manganese 3.83 X-cut 4.14 
Nickel 4.76 Potassium bromide (KBr) 
Platinum 2.80 X-cut 3.38 
Silver 2.64 Glasses 
Steel 5.05 Heavy flint 3.49 
Tantalum 3.55 Extra-light flint 4.55 
Tin 273 Crown §.30 
Tungsten 4.31 Heaviest crown 4.7] 
Zinc 3.81 Quartz 5:37, 
Cork 0.50 Granite 3.95 
Crystals Ivory 3.01 
Quartz X-cut 5.44 Marble 3.81 
Ammonium dihydrogen phos- Slate 4.5] 
phate (NH4H2PO,) Wood 
45° Z-cut 3.28 Elm 1.01 
Oak 4.10 


*B. W. Henvis, “Wavelengths of Sound,” Electronics, vol. 20, pp. 134, 136; March, 1947. 
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Acoustical and mechanical networks 
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and their electrical analogs* 
(EAE SAHA RRS SL AP ET 


The present advanced state of the art of electrical network theory suggests 
its advantageous application, by analogy, to equivalent acoustical and 
mechanical networks. Actually, Maxwell's initial work on electrical networks 
was based upon the previous work of Lagrange in dynamical systems. The 
following is a brief summary showing some of the network parameters 
available in acoustical and mechanical systems and their analysis using 
Lagrange’s equations. 

Fig. 7 shows the analogous behavior of electrical, acoustical, and mechanical 
systems. These are analogous in the sense that the equations (usually 
differential equations) formulating the various physical laws are alike. | 


Lagrange’s equations 


The Lagrangian equations are partial differential equations describing the 
stored and dissipated energy and the generalized coordinates of the 
system. They are 


d for OF OV 
— ; : BSt Cerc(pie 0778 he 1) (9) 
dt (=) mar eaters ‘ 


where T and V are, as in Fig. 7, the system’s total kinetic and potential energy 
lin ergs), F is 3 the rate of energy dissipation lin ergs/second, Rayleigh's 
dissipation function), Q, the generalized forces (dynes), and q, the gen- 
eralized coordinates (which may be angles in radians, or displacements in 
centimeters). For most systems (and those considered herein) the generalized 
coordinates are equal in number to the number of degrees of freedom in 
the systems required to determine uniquely the values of T, V, and F. 


Example 


As an example of the application of these equations toward the design of 
electroacoustical transducers, consider the idealized crystal microphone in 
Fig. 8. 

This system has 2 degrees of freedom since only 2 motions, namely the 
diaphragm displacement xq and the crystal displacement x,, are needed to 
specify the system’s total energy and dissipation. 


A sound wave impinging upon the microphone’s diaphragm creates an excess 
pressure p (dynes/centimeter?). The force on the diaphragm is then pA 
(dynes), where A is the effective area of the diaphragm. The diaphragm has 
* E.G. Keller, “Mathematics of Modern Engineering,” vol. 2, Ist ed., John Wiley, New York, 


New York; 1942. Also, H. F. Olson, “Dynamical Analogies,” Ist ed., D. Van Nostrand, New York, 
New York; 1943. : . 


Wise 
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and their electrical analogs 


continued 


ELECTROACOUSTICS 609 


Fig. 7A—Table of analogous behavior of systems—parameter of energy dissipation 
(or radiation). 


electrical 


en 


current in wire 


4° 


mechanical 


viscous damping vane 


acoustical 


gas flow in small pipe 


P = Ri? 

ee es 
dk 
pl 

R= — 
A 


where 


eS 


e 


q 


D ww 


Lod 


P= 


current in amperes 


voltage in volts 


= charge in coulombs 
= time in seconds 


= resistance in ohms 


resistivity in ohm-centi- 
meters 


= length in centimeters 


= cross-sectional area of 


wire in centimeters? 


power in watts 


where 


Vv 


Rm 


ye 


P = Rv" 
et be me 
Saar er W a Pa ria 

A 

Rm = 


velocity in centimeters / 
second 


force in dynes 


displacement in centi- 
meters 


time in seconds 


mechanical resistance in 
dyne-seconds/centi- 
meter 


coefficient of viscosity 
in poise 


height of damping vane 
in centimeters 


area of vane in centi- 
meters? 


power in ergs/second 


P = RgX? 
: p dX 
x S — = 
Ra dt 
8url 
Ra = rc 


where 
X = volume velocity in cen- 
timeters?/second 
p = excess pressure in dynes/ 
centimeter? 
X = volume displacement in 
centimeters® 
t = time in seconds 
Ra = acoustic resistance in 
dyne-seconds/centi- 
meter® 
= coefficient of viscosity 
in poise 
1 = length of tube in centi- 
) meters 
A = area of circular tube in 
centimeters? 
P = power in ergs/second 
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and their electrical analogs continued 
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Fig. 7B—Table of analogous behavior of systems—parameter of energy storage 
(electrostatic or potential energy). 


electrical | mechanical | acoustical 


capacitor with closely spaced| clamped-free (cantilever |piston acoustic compliance (at 


plates beam) audio frequencies, adiabatic 
expansion) 
(igen ares eo ee ele y aes 
AT OCen 2 2Cy ha 2 2G 
q=Ce=< Hues) X = Cap = 2 = xA 
S erage eae 
kA Je Vo 
= Ot Cope Coimeses 
36md TAPMISE) Rb oa! 
where where where 
C = capacitance in farads | Cm = mechanical compliance | Ca = acoustical compliance in 
Suetenraceee iG in centimeters/dyne centimeters®/dyne 
WA a eneravameewalttcec Sm = mechanical stiffness Sa = acoustical stiffness 
: raorts = Cm = 1/Ce 
Pei etielaciiceons V = potential energy in| V = potential energy in ergs 
stant (= 1 for air, eee c = velocity of sound in en- 
numeric) E = Young’s modulus of closed gas in centi- 
gal, Oe eat ca elasticity in dynes/ meters/second 
3 BR centimeter” es ; 
centimeters p = density of enclosed gas 
Net ancoteier ae in I = moment of inertia of in grams/centimeter® 
Re. P cross-section in centi- : 
centimeters asters! Vo = enclosed volume in cen- 


timeters® 
1 = length of beam in cen- A 


= area of piston in centi- 
meters 


meters 
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Fig. 7C—Table of analogous behavior of systems—parameter of energy storage 
(magnetostatic or kinetic energy). 


electrical mechanical } acoustical 


for a very long solenoid for translational motion in one gas flow in a pipe 
direction m is the actual weight 
in grams 
Li? mv? Mx? 
Nee ee Tas 
Wn = tp 5 9 
di d2q dv d?x i dX d?X 
a ——— —S> = = —_- = —_ => mx jos == M M —> = MX 
oh dt : df os mat df dt df 
pl 
L = 4m In? Ak X 1079 Liye 
ee et er et hed eee ry eho dire 
where where where 
L = inductance in henries | m = mass in grams M = inertance in grams/centi- 
meter* 


Wm = energy in watt-sec- | T = kinetic energy in ergs 


onds T = kinetic energy in ergs 

1 = length of solenoid in 1 = length of pipe in centi- 
centimeters meters 

A = area of solenoid in A = area of pipe in centi- 


: 2 
centimeters meters? 


n = number of turns of 


ih ae Bed p = density of gas in grams/ 


centimeter? 


k = relative permeability 
of core (= 1 for air, 
numeric) 
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Acoustical and mechanical networks 
rae ASOT TS NDT STS PRENSA ET LTA I 


and their electrical analogs continued 
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an effective mass mg, in the sense that the kinetic energy of all the parts 
associated with the diaphragm velocity x¢ (= dxa/dt) is given by maxq/2. 
The diaphragm is supported in place by the stiffness Sq. It is coupled to the 
crystal via the stiffness S,. The crystal has a stiffness S., an effective mass 
of m, (to be computed below), and is damped by the mechanical resistance 
R,. The only other remaining parameter is the acoustical stiffness Sg intro- 
duced by compression of the air-tight pocket enclosed by the diaphragm 
and the case of the microphone. 


The total potential energy V stored in the system for displacements xg and 
x. from equilibrium position, is 


The total kinetic energy T due to 
velocities xg and X¢ is a 


T = dmx? + 3ma%G (11) 


(This neglects the small kinetic 
energy due to motion of the air 
and that due to the motion of the 
spring S,). If the total weight of 
the unclamped part of the crystal 
is We (grams), one can find the 
effective mass me of the crystal 
as soon as some assumption is ‘ 

made as to movement of the rest Ui,G “og 

of the crystal when its end moves Yo 
with velocity Xe. Actually, the aaa 
crystal is like a transmission line 
and has an infinite number of 
degrees of freedom. Practically, voltage 
the crystal is usually designed so 
that its first resonant frequency is 
the highest passed by: the micro- 


u ! 
Sq Sa Me 


the crystal moves in phase with f Sieh Tool proportional 


d 


phone. In that case, the end of 


Xq Xe 


So to output 


the rest, and in a manner that, for = | voltage 
° 4 a . . ° Cc 
simplicity, is here taken as para- 

bolically. Thus it is assumed that 


an element of the crystal located Fig. 8—Crystal microphone analyzed by use 
y centimeters away from _ its of Lagrange’s equations. 
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and their electrical analogs continued 
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clamped end moves by the amount (y/h)?x., where h is the length of the 
crystal. The kinetic energy of a length dy of the crystal due to its velocity 
of (y/h)?x- and its mass of (dy/h)We is 3 (dy/h) wely/h) 4x2. The kinetic energy 
of the whole crystal is the integral of the latter expression as y varies from 
0 to h. The result is $(w./5)X2. This shows at once that the effective mass 
of the crystal is me = w,/5, ie., % its actual weight. 


The dissipation function is F = ER oXc2. Finally, the driving force associated 
with displacement xq of the diaphragm is pA. Substitution of these expressions 
and (10) and (11) in Lagrange’s equations (9) results in the force equations 


MaXa + SaXa + SoA?xa + Solxa — xX.) = pA (12) 
MeXe + Solxe — xg) + Rx. = 0 | 


These are the mechanical version of Kirchhoft's law that the sum of all the 
resisting forces (rather than voltages) are equal to the applied force. The 
equivalent electrical circuit giving these same differential equations is shown 
in Fig. 8. The crystal produces, by its piezoelectric effect, an open-circuit 
voltage proportional to the displacement Xe. By means of this equivalent 
circuit, it is now easy, by using the usual electrical-circuit techniques, to find 
the voltage generated by this microphone per unit of sound-pressure input, 
and also its amplitude- and phase-response characteristic as a function of 
frequency. 


It is important to note that this process of analysis not only results in the 
equivalent electrical circuit, but also determines the effective values of the 
parameters in that circuit. 


Sound in enclosed rooms* 
LER EARS AR EEE ES IAT KEL ET AL LR 


Good acoustics—governing factors 


Reverberation time or amount of reverberation: Varies with frequency 
and is measured by the time required for a sound, when suddenly inter- 
rupted, to die away or decay to a level 60 decibels (db) below the Original 
sound. 


The reverberation time and the shape of the reverberation-time/frequency 
curve can be controlled by selecting the proper amounts and varieties of 


* F. R. Watson, “Acoustics of Buildings,"’ 3rd ed., John Wiley and Sons, New York, New York; 
1941, 
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Sound in enclosed rooms continued 
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sound-absorbent materials and by the methods of application. Room occu- 
pants must be considered inasmuch as each person present contributes a 
fairly definite amount of sound absorption. 


Standing sound waves: Resonant conditions in sound studios cause stand- 
ing waves by reflections from opposing parallel surfaces, such as ceiling- 
floor and parallel walls, resulting in serious peaks in the reverberation-time/ 
frequency curve. Standing sound waves in a room can be considered com- 
parable to standing electrical waves in an improperly terminated transmission 
line where the transmitted power is not fully absorbed by the load. 
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2 3 456/78 3 456789 


9 2 
4,000 10,000 
volume in cubic feet Courtesy of Acoustical Society of America and RCA 


chart 
type room H:W:L_ |designation 


Small :1.25:1.6] E:D:C: 
Fig. 9—Preferred room dimensions |Average shape|1:1.60:2.5| F:D:B: 


1 
1:1 
based on 2! ratio. Permissible de- Low ceiling 1:2.50:3.2} G:C:B: 
viation +5 percent. Long 1:1.25:3.2| F:E:A: 
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Room sizes and proportions for good acoustics 


The frequency of standing waves is dependent on room sizes: frequency de- 
creases with increase of distances between walls and between floor and 
ceiling. In rooms with two equal dimensions, the two sets of standing waves 
occur at the same frequency with resultant increase of reverberation time at 
resonant frequency. In a room with walls and ceilings of cubical contour this 
effect is tripled and elimination of standing waves is practically impossible. 


The most advantageous ratio for height:width:length is in the proportion of 
1:2%; 2% or separated by 14 or 34 of an octave. 


In properly proportioned rooms, resonant conditions can be effectively re- 
duced and standing waves practically eliminated by introducing numerous 
surfaces disposed obliquely. Thus, large-order reflections can be avoided 
by breaking them up into numerous smaller reflections. The object is to pre- 
vent sound reflection back to the point of origin until after several re- 
reflections. 


Most desirable ratios of dimensions for broadcast studios are given in Fig. 9. 


Optimum reverberation time 


Optimum, or most desirable reverberation time, varies with (1) room size, 
and (2) use, such as music, speech, etc. (see Figs. 10 and 11). 


2.4 


I 


time of reverberation in seconds 


6 
$,000 10,000 25,000 $0,000 100,000 250,000 500,000 1,000,000 


volume in cubic feet Courtesy Architectural Forum 


Fig. 10—Optimum reverberation time in seconds for various room volumes at 512 cycles 
per second. 
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These curves show the desirable ratio of the reverberation time for various 
frequencies to the reverberation time for 512 cycles. The desirable re- 
verberation time for any frequency between 60 and 8000 cycles may be 
found by multiplying the reverberation time at 512 cycles (from Fig. 10) by 
the number in the vertical scale which corresponds to the frequency chosen. 
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20 
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50 60 80 100 150 200 300 400 600 1000 2000 4000 10,006 


1.0 


frequency in cycles /second Courtesy Western Electric Company 


Fig. 11—Desirable relative reverberation time versus frequency for various structures 
and auditoriums. 


Computation of reverberation time 


Reverberation time at different audio frequencies may be computed from 
room dimensions and average absorption. Each portion of the surface of a 
room has a certain absorption coefficient a dependent on the material of 
the surface, its method of application, etc. This absorption coefficient is 
equal to the ratio of the energy absorbed by the surface to the total energy 
impinging thereon at various audio frequencies. Total absorption for a given 
surface area in square feet S is expressed in terms of absorption units, 
the number of units being equal to days. 


(total number of absorption units) 
qd aS i 
a (total surface in square feet) 
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One absorption unit provides the same amount of sound absorption as one 
square foot of open window. Absorption units are sometimes referred to as 
“open window” or “OW" units. 


0.05V 
=o 1OMsl1 = dae) 


io 


where 


T = reverberation time in seconds 
V = room volume in cubic feet 
S = total surface of room in square feet 


Gav = average absorption coefficient of room at frequency under con- 
sideration. 


For absorption coefficients a of some typical building materials, see Fig. 12. 
Fig. 13 shows absorption coefficients for some of the more commonly used 
materials for acoustical correction. 


Fig. 12—Table of acoustical coefficients of materials and persons.* 


sound absorption coefficients 
in cycles /second 


description authority 
128 | 256 | 512 | 1024| 2048 ere ed erate re eet et Ie | 1024 | 2048 | 4096 JO nie 4096 

Brick wall unpainted 0.024 | 0.025 | 0.031 | 0.042 | 0.049 | 0.07 | W. C. Sabine 
Brick wall painted 0.012 | 0.013 | 0.017 | 0.02 0.023 | 0.025 | W. C. Sabine 
Plaster + finish coat on 

wood lath—wood studs 0.020 | 0.022 | 0.032 | 0.039 | 0.039 | 0.028 | P. E. Sabine 
Plaster + finish coat on metal Jath 0.038 | 0.049 | 0.060 | 0.085 | 0.043 | 0.056 | V. O. Knudsen 
Poured concrete unpainted 0.010 | 0.012 | 0.016 | 0.019 | 0.023 | 0.035 | V. O. Knudsen 
Poured concrete painted and varnished | 0.009 | 0.011 | 0.014 | 0.016 | 0.017 | 0.018 | V. O. Knudsen 
Carpet, pile on concrete 0.09 0.08 0.21 0.26 0.27 0.37 | Building Research Station 
Carpet, pile on in felt 0.11 0.14 0.37 0.43 0.27 0,25 Building Research Station 
Draperies, velour, 18 oz per sq yd in 

contact with wall 0.05 | 0.12 0.35 | 0.45 | 0.38 0.36 | P. E. Sabine 
Ozite % in 0.051 | 0.12 0.17 0.33 0.45 0.47 | P. E. Sabine 
Rug, axminster 0.11 0.14 0.20 0.33 0.52 0.82 | Wente and Bedell 
Audience, seated per sq ft of area 0.72 0.89 0.95 0.99 1.00 1.00 | W. C. Sabine 
Each person, seated 1.4 2.25 3.8 5.4 6.6 — | Bureau of Standards, 

averages of 4 tests 
_ Each person, seated — _ = — _ 7.0 Estimated 

Glass surfaces. 0.05 | 0.04 | 0.03 | 0.025 | 0.022 | 0.02 | Estimated 


* Reprinted by permission from Architectural Acoustics by V. O. Knudsen, published by John Wiley and Sons, Inc. 
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continued 


Fig. 13—Table of acoustical coefficients of materials used for acoustical correction. 


material 


Corkoustic—B4 
Corkoustic—Bé6 
Cushiontone A-3 
Koustex 

Sanacoustic (metal) tiles 
Permacoustic tiles’34 in 
Low-frequency element 
Triple-tuned element 
High-frequency element 
Absorbatone A 
Acoustex 60R 


Econacoustic 1 in 


Fiberglas acoustical tiletype TW- 


PF 9D 


Acoustone D 11% in 
Acoustone F 13% in 


Acousti-celotex type C-6 114 in 


Absorbex type A 1 in 


Acousteel B metal facing 15% in 


0.08 
0.15 
0.17 
0.10 
0.25 
0.19 
0.66 
0.66 
0.20 
0.15 
0.14 
0.25 


0.22 


0.13 
0.16 
0.30 
0.41 
0.29 


0.13 
0.28 
0.58 
0.24 
0.56 
0.34 
0.60 
0.61 
0.46 
0.28 
0.28 
0.40 


0.46 


0.26 
0.33 
0.56 
0.71 
0.57 


cycles/second 
128 | 256 | 512 | 1024 |2048| 4096 


0.51 
0.82 
0.70 


0.64° 


0.99 
0.74 
0.50 
0.80 
0.55 
0.82 
0.81 
0.78 


0.97 


0.79 
0.85 
0.94 
0.96 
0.98 


0.75 
0.60 
0.90 
0.92 
0.99 
0.76 
0.50 
0.74 
0.66 
0.99 
0.94 
0.76 


0.90 


0.88 
0.89 
0.96 
0.88 
0.99 


0.47 
0.58 
0.76 
0.778 
0.91 
0.75 
0.35 
0.79 
0.79 
0.87 
0.83 
0.79 


0.68 


0.76 
0.80 
0.69 
0.85 
0.85 


0.46 
0.38 
0.71 
0.75 
0.82 
0.74 
0.20 
0.75 
0.75 
0.98 
0.80 
0.68 


0.52 


0.74 
0.75 
0.56 
0.96 


0.57 


noise- 
red 
coef * 


0.45 
0.55 
0.75 
0.65 
0.85 
0.65 
0.50 
0.75 
0.60 
0.75 
0.70 
0.70 


0.75 


0.65 
0.70 
0.80 
0.85 
0.85 


manufactured by 


Armstrong Cork Co. 
Armstrong Cork Co. 
Armstrong Cork Co. 
David E. Kennedy, Inc. 
Johns-Manville Sales Corp. 
Johns-Manville Sales Corp. 
Johns-Manville Sales Corp. 
Johns-Manville Sales Corp. 
Johns-Manville Sales Corp, 
luse Stevenson Co. 
National Gypsum Co. 
National Gypsum. Co. 


Owens-Corning Fiberglas 
Corp. 

U. S. Gypsum Company 

U. S. Gypsum Company 

The Celotex Corp. 

The Celotex Corp. 

The Celotex Corp. 


Courtesy Acoustics Materials Association 


* The noise-reduction coefficient is the average of the coefficients at frequencies from 256 to 
2048 cycles inclusive, given to the nearest 5 percent. This average coefficient is recommended 
for use in comparing materials for noise-quieting purposes as in offices, hospitals, banks, cor- 


ridors, etc. 


Public-address systems* 


Electrical power levels for public-address requirements 


Indoor power-level requirements are shown in Fig. 14. 


Outdoor power-level requirements are shown in Fig. 15. 


Note: Curves are for an exponential trumpet-type horn. Speech levels above 
reference—average 70 db, peak 80 db. For a loudspeaker of 25-percent 
efficiency, 4 times the power output would be required or an equivalent 
of 6 decibels. For one of 10-percent efficiency, 10 times the power output 
would be required or 10 decibels. 


*H. F. Olson, “Elements of Acoustical Engineering,” 2nd ed., D, Van Nostrand, New York, 


New York; 1941. 
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Public-address systems 


amplifier power output in watts 
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relative amplifier power capacity 


in decibels above | milliwatt 


plifier power capacity. To the indicated power 
iency, there must be added a correction factor 


Fig. 14—Room volume and relative am 
level depending on loudspeaker effici 


-type reproducers to 


that may vary from 4 decibels for the most efficient horn 


20 decibels for less efficient cone loudspeakers. 
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Public-address systems continued 


amplifier power output in watts 
0.0001 0.00! 0.01 0.1 1.0 10 


distance in feet 


relative amplifier power capacity — maximum single-frequency output rating 
in decibels above | milliwott 


Fig. 15—Distance from loudspeaker and relative amplifier power capacity required for 
speech, average for 30° angle of coverage. For angles over 30°, more loudspeakers 
and proportional output power are required. Depending on loudspeaker efficiency, @ 
correction factor must be added to the indicated power level, varying approximately 
from 4 to 7 decibels for the more-efficient type of horn loudspeakers. 
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Sounds of speech and music* 
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A large amount of data are available regarding the wave shapes and 
statistical properties of the sounds of speech and music. Below are given 
some of these data that are of importance in the design of transmission 
systems. 


Minimum-discernible-bandwidth changes 


Fig. 16 gives the increase in high-frequency bandwidth required to produce 
a minimum discernible change in the output quality of speech and music. 


Fig. 16—Table showing bandwidth increases necessary to give an even chance of 
quality improvement being noticeable. All figures are in kilocycles. 


minus one limen felorance | plus one limen 
speech | music frequency music | speech 

a re 3 3:0 I 
3.4 3.3 4 4.8 4.8 
4.1] 4.1 5 6.0 6.9 
4.6 5.0 6 7.4 9.4 
Ol 5.8 7 23 12.8 
5.5 6.4 8 11.0 a 
5.8 6.9 9 12.2 es 
6.2 74 10 13.4 — 
6.4 8.0 1] 15.0 — 
7.0 9.8 13 ss ae 
7.6 i 11.0 15 “=~ aoe 


These bandwidths are known as differ- 
ence-limen units. For example, a system 
transmitting music and having an upper 
cutoff frequency of 6000 cycles would 
require a cutoff-frequency increase to 
7400 cycles before there is a 50-percent 
chance that the change can be dis- 
cerned. (Curve B, Fig. 17.) 


Fig. 17 is based upon the data of Fig. 
16. For any high-frequency cutoff along 
the abscissa, the ordinates give the next 
higher and next lower cutoff frequen- 


frequency for 1 limen unit in kilocycles 


2 10 15 20 


reference Pee in kilocycles 


cies for which there is an even chance Courtesy of Bell System Technical Journal 
of discernment. As expected, one ob- Fig. 17 — Minimum-discernible- 

* H. Fletcher, “Speech and Hearing,” Ist ed., bandwidth changes. Curves show: 
D. Van Nostrand Company, New York, New A—Plus 1 limen for speech 

York; 1929. S. S. Stevens, and H. Davis, “Hear- B—Plus 1 limen for music 

ing,” J. Wiley and Sons, New York, New York; C—AMinus 1 limen for music 


1938. D—Minus 1 limen for speech 
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serves that, for frequencies beyond about 4000 cycles, restriction of Upper 
cutoff affects music more appreciably than speech. 


Peak factor 


One of the important factors in deciding upon the power-handling capacity 
of amplifiers, loudspeakers, etc., is the fact that in speech very large fluctua- 
tions of instantaneous level are present. Fig. 18 shows the peak factor (ratio 
of peak to root-mean-square pressure) for unfiltered (or wideband) speech, 
for separate octave bandwidths below 500 cycles, and for separate 
%-octave bandwidths above 500 cycles. The peak values for sound pressure 
of unfiltered speech, for example, rise 10 decibels higher than the averaged 
root-mean-square value over an interval of $ second, which corresponds 
roughly to a syllabic period. However, for a much longer interval of time, 
say the time duration of one sentence, the peak value reached by the 
sound pressure for unfiltered speech is about 20 decibels higher than the 
root-mean-square value averaged for the entire sentence. 


peak factor 


{000 


sO {00 200 300 S00 2000 5000 10000 


frequency in cycles/second 
Courtesy of Journal of the Acoustical Society of America 


Fig. 18—Peak facfor (ratio of peak/root-mean-square pressures) in decibels for speech 
in 1- and 1/2-octave frequency bands, for 1/8- and 75-second time intervals. 
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Thus, if the required sound-pressure output demands a long-time average 
of, say, 1 watt of electrical power from an amplifier, then, to take care 
of the instantaneous peaks in speech, a maximum-peak-handling capacity of 
100 watts is needed. If the amplifier is tested for amplitude distortion with 
a sine wave, 100 watts of peak-instantaneous power exists when the average 
power of the sine-wave output is 50 watts. This shows that if no amplitude 
distortion is permitted at the peak pressures in speech sounds, the amplifier 
should give no distortion when tested by a sine wave of an average power 
50 times greater than that required to give the desired long-time-average 
root-mean-square pressure. 


The foregoing puts a very stringent requirement on the amplifier peak power. 
In relaxing this specification, one of the important questions is what per- 
centage of the time will speech overload an amplifier of lower power than 
that necessary to take care of all speech peaks. This is answered in Fig. 19; 


(peak) 


the abscissa gives the probability of the powers eX- 


(long-time-average) 
ceeding the ordinates for continuous speech and white noise. When 
multiplied by 100, this probability gives the expected percent of time during 
which peak distortion occurs. If 1 percent is taken as a suitable criterion, 


2s 


20 


ed 
i al! Ald 
YHA is 10 HB DE a al 

PT eT oon 
INA 622 sd A 
MO AT PT 
MC eT PT 
YUN ZoeM 
my 
NN A 0 


-$ 
4 0,01 0,001 


peak factor in decibels 


3 


probability that ordinate is exceeded 


Fig. 19—Statistical properties of the peak factor in speech. The abscissa gives the 
probability (ratio of the time) that the peak factor in the uninterrupted speech of one 
person exceeds the ordinate value. Peak factor = (decibels instantaneous peak value) 
— (decibels root-mean-square long-time average). 


ELECTROACOUSTICS 875 
Sounds of speech and music continued 
SELLA NRRL PIA RTP TESE IS OHRID BS WELU A ANE OY SNE REED 


(peak) 


then a 12-decibel ratio of powers is sufficient. Thus, 


(long-time-average) 
the amplifier should be designed with a power reserve of 16 in order 
that peak clipping may occur not more than about 1 percent of the time. 


Speech-communication 
Pees ET on ere 


in percent 
o 
So 


systems 


In many applications of the 
transmission of information by 
speech sounds, a premium is 
placed on intelligibility rather 
than flawless reproduction. 
Especially important is the re- 
duction of intelligibility as a 
function of both the back- 
ground noise and the restriction 
of transmission-channel band- 


width. Intelligibility is usually 

Fig. 20—Relations between various 
measured by the PerCenian @ measures of speech intelligibility. Rela- 
of correctly received mono- tions are approximate; they depend upon 
syllabic nonsense words uttered the type of material and the skill of the 
; talkers and listeners. 
in an uncorrelated sequence. 
This score is known as syllable articuiation. Because the sounds are nonsense 
syllables, one part of the word is entirely uncorrelated with the remainder, 
so it is not consistently possible to guess the whole word correctly if only 
part of it is received intelligibly. Obviously, if the test speech were a 
commonly used word, or say a whole sentence with commonly used word 
sequences, the score would increase because of correct guessing from 
the context. Fig. 20 shows the inter-relationship between syllable, word, and 
sentence articulation. Also given is a quantity known as articulation index. 


syllables, words, or sentences understood 


°o Oo! 02 03 04 OS O06 O07 O08 OF 10 
articulation index 


The concept and use of articulation index is obtained from Fig. 21. The 
abscissa is divided into 20 bandwidths of unequal frequency interval. Each 
of these bands will contribute 5 percent to the articulation index when the 
speech spectrum is not masked by noise and is sufficiently loud to be above 
the threshold of audibility. The ordinates give the root-mean-square peaks 
and minimums (in ¢-second intervals), and the average sound pressures 
created at | meter from a speaker's mouth in an anechoic (echo-free) 


chamber. The units are in decibels pressure per cycle relative to a pressure 
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of 0.0002 dynes/centimeter?. (For example, for a bandwidth of 100 cycles, 
rather than 1 cycle, the pressure would be that indicated plus 20 decibels; 
the latter figure is obtained by taking 10 times logarithm (to the base 10) 
of the ratio of the 100-cycle band to the indicated band of | cycle.) 


An articulation index of 5 percent results in any of the 20 bands when a 
full 30-decibel range of speech-pressure peaks to speech-pressure minimums 
is obtained in that band. If the speech minimums are masked by noise of a 
higher pressure, the contribution to articulation is accordingly reduced to 


a value given by ¢§ [(decibels 


level of speech peaks) — (deci- rf A 
bels level of average noise)]. > he Ra 
Thus, if the average noise is 30 2 5 gaa! 
ayia under the speech peaks, © 67 PP 
is expression gives 5 percent. If .£ SOD 
the noise is only 10 decibels be- AA 
low the speech peaks, the con- = O64; 
tribution to articulation index re- 3 op a, iY 
duces to 4 x 10 = 1.67 percent. 4 1404 5 Nanabbtngerreiens: 
If the noise is more than 30 +% y 
decibels below the speech peaks, 3 “44444 - 


a value of 5 percent is used for 380 630 920 1230 1570 1920 a7 S0Go3S50 Sete 
the articulation index. Such a mean frequencies of bands of equal 


computation is made for each of contribution be pabanappaes 1 oot 
‘ ourtesy of Proceedings of the I.R.E. 

the 20 bands of Fig. 21, and the ee 
Fig. 21—Bands of equal articulation in- 


results are added to give the — gey.”9 decibels = 0.0002 dyne/centi- 
expected articulation index. meter’. 


A number of important results follow from Fig. 21. For example, in the 
presence of a large white (thermal-agitation) noise having a flat spectrum, 
an improvement in articulation results if pre-emphasis is used. A pre- 
emphasis rate of about 8 decibels/octave is sufficient. 


Speech clipping 


While the presence of peak clipping is detectable as distortion, particularly 
with consonants, the articulation is not appreciably affected by even large 
amounts of peak clipping.* The deterioration from clipping is determined 


* JC. R. Licklider and I. Pollack, “Effects of Differentiation, Integration, and Infinite Peak 
Clipping upon the Intelligibility of Speech,” Journal of the Acoustical Society of America, vol. 20, 
pp. 42-51; January, 1946. 
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- apparently by the masking and smearing caused by the intermodulation 
frequencies produced by the nonlinear clipping circuit. Consequently, the 
articulation after clipping depends on whether the higher frequencies are 
preferentially amplified before (differentiation) or attenuated (similar to 
integration). 


The articulation resulting from sequences of clipping, differentiation, and 
integration in various orders are shown in Fig. 22. 


A—No distortion 2 100 
So 
B—Differentiation 3 80 
C—Integration S 
D—Differentiation and clipping 3 60 
oO 
E—Differentiation, clipping, and integration = 46 
F—Clipping and integration = 
G—Clipping = 20 
H—Clipping and differentiation 8 0 
I—Integration and clipping “a A~ 8—GC. D!.E5..F -§.-4 
J—Integration, clipping, and differentiation Courtesy of Journal of the Acoustical Society of America. 


Fig. 22—Effects of various types of distortion on intelligibility of speech. The column 
diagram indicates the over-all averages for each of the 10 circuit arrangements. 


Loudness 


Equal loudness contours: Fig. 23 gives average hearing characteristics of 
the human ear at audible frequencies and at loudness levels of zero to 
120 decibels versus intensity levels expressed in decibels above 107! watt 
per square centimeter. Ear sensitivity varies considerably over the audible 
range of sound frequencies at various levels. A loudness level of 120 decibels 
is heard fairly uniformly throughout the entire audio range but, as indicated 
in Fig. 23, a frequency of 1000 cycles at a 20-decibel level will be heard 
at very nearly the same intensity as a frequency of 60 cycles at a 60-decibel 
level. These curves explain why a loudspeaker operating at lower-than- 
normal-level sounds as though the higher frequencies were accentuated 
and the lower tones seriously attenuated or entirely lacking; also, why 
music, speech, and other sounds, when reproduced, should have very 
nearly the same intensity as the original rendition. To avoid perceptible 
deficiency of lower tones, a symphony orchestra, for example, should be 
reproduced at an acoustical level during the loud passages of 90 to 
100 decibels. 
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Fig. 23—-Equal loudness contours. 
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@ Digital computers 
Definition 


A digital computing machine is a device employing numbers composed of 
digits or discrete units (integers) in the representation of quantities under- 
going manipulation in the computing process. Numbers being symbolic 
representations of quantity, the computer is designed to manipulate these 
symbols in a logical manner so as to produce a symbolic representation of 
the logical result. The precision with which a result may be defined is 
proportional to the number of digits the machine can handle, provided 
the manipulations are performed accurately. 


Numbers 


A number is a quantity represented by an ordered group of symbols or 
digits. 
A number system is made up of an ordered set of symbols, each representing 


an integer. 


The number of individual symbols in a number system, including the repre- 
sentation for zero, is called the radix of the system. The relationship be- 
tween a number N, the digits d and the radix R can be expressed by the 
following equation: 


N = dy + deR + d3R? + dak? + . . . d,R™ 


It is usual practice to write the digits of a number in decreasing order of 
significance as one reads from left to right. Thus a number expressed in 
the decimal system (radix 10) appears as: 


1856 = (1 X 108) + (8 X 107) + (5 & 10) + (6 & 109) 


Similarly the number 110110 expressed in the binary system (radix 2) appears 
as: 


N=1X2+0XK294+0X2) +1 X2)+ 01K 29+ 10 x 2%) = 54 


Choice of radix 


Computers may be built employing virtually any radix but only a very few 
radixes are considered significant from the standpoint of computer design. 
If the assumption is made that the number of electron tubes or quantity of 
apparatus necessary to represent a number is proportional to the radix 
used, it can be shown that a minimum number of elements will be required 
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Choice of radix continued 


if the radix R = e = 2.71828. It is difficult to conceive an arithmetic built 
on such a radix. Since the assumption is tenuous at best, and if, as in many 
practical cases, the apparatus used is capable of assuming either of 2 stable 
conditions las in relays, flip—flops, punched cards, punched tape, etc.), 
there is no radix more economical than radix 2, since none of the possible 
stable states is wasted. Radixes 4, 8, and 16 would be similarly economical. 


In electronic machines, the usual method is to represent the 10 decimal 
digits by means of some form of binary code. Four binary symbols are 
required to represent all of the 10 symbols of the decimal system. Some 
computers have input and output devices that work in the decimal system, 
but have internal machinery and arithmetic units that operate in the binary 
system. The conversion is made internally before the computation is per- 
formed and the result is translated back into decimal notation upon com- 
pletion of the computation. A certain amount of time is taken for the 
conversions, but this time is short compared to the time required to operate 
mechanical printing devices that are frequently used as outputs. 


Coding 


A code is a system of representation of a set of symbols by means of 
another different set of symbols. 


A binary code consists of the two symbols, one and zero. It should be 
distinguished from a number system based on radix 2, since the element of 
position is not necessarily weighted in a code as it is in a number system. 
This difference is illustrated in Fig. 1, where the decimal number 347 is 
expressed -as a binary number, as a binary coded decimal (radix 10), and 
as a binary coded octal (radix 8). 


All of these numbers are representations of the same physical quantity. 
Because of the widespread use of the decimal system of numbers and 
because of the fact that most of the physical apparatus of computers is 
inherently binary or works best in a binary fashion (as in detecting the 
presence or absence of signal, the on or off condition of a tube, or the 


open oF closed position ofa relay), Fig. 1—Expression of a number in different 


it has become common practice to codes. 
represent the symbols of the system | code 
decimal system in some form of 

. Decimal 347 
binary code. Binary (radix 2) 101011011 

, 3 Binary coded decimal 0011 0100 O111 
Since there are more than 2 Binary coded octal 101 011 O11 


symbols to be represented, it is | Octal (radix 8) 533 
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necessary that the binary representation of each decimal symbol employ a 
minimum of 4 binary symbols (the term binary digit or bit is frequently used) 
to avoid ambiguity. Also, since there are 16 possible combinations of the 4 
binary symbols representing the decimal numbers in such a case and since any 
one of the combinations may be used to represent any decimal symbol, 
the number of possible codes is 16!/6!, or slightly less than 3 & 1010 


Fig. 2 shows the representation of the 10 decimal symbols 0 through 9 in 
a 4-bit code. 


Fig. 2—Conversion of decimal sys- Fig. 3—The excess-3 code. 
tem into binary code. 
excess-3 
binary coded binary coded 
characier representation character representation 

NS Ee 

0 0000 0 0011 

1 0001 1 0100 

2 0010 2 0101 

% 0011 3 0110 

4 0100 4 0111 

§ 0101 § 1000 

6 0110 6 1001 

7 0111 7 1010 

8 1000 8 1017 

9 1001 9 1100 


In some applications it is not desirable to have the symbol 0 represented 
by the absence of signal, since it cannot then be distinguished from lost 
signals. This is avoided by choosing 10 of the possible representations that 
do not include the position 0000. Such a code is given in Fig. 3. This code 
uses the binary notation for 3 as the representation for 0. Each of the other 
9 symbols is represented by the binary equivalent of the symbol plus 3. For 
that reason, it is known as an ‘“‘excess-3” code. It has the further property 
that it is ‘‘self-complementing”; that is, the 9’s complement of the decimal 
symbol is formed by changing I's to 0's and the O's to 1's in the coded 
representation of the symbol. This property is useful in performing many of 
the arithmetic operations within the computer. 


The code given in Fig. 4 is one of a group of codes that is frequently used 
when mechanical analogs (position, shaft rotation, etc.) are converted 
into digital form for computer input purposes or for recording. This type 
of code obtains its usefulness from the property that one and only one digit 
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Coding continued 


of the code changes in proceeding to the next higher or next lower number. 
The code shown is known as a reflected binary code, because of the inverted 
sequence in which the binary symbol | and 


O are used. Its conversion into the usual Figs: 4—The reflected binary code. 


binary number is trivially easy. It will be reflected binary 
noted that the most significant digit is the W--Sharacter___|_ representation _ 
same as the binary number; a comparison 0 0000 

is then made with the digit at the next least 

significant position; if the two are alike, at 

the digit in that position in the binary 3 0010 
number is a QO; if the two are unlike, the 

digit in that position in the binary number 3 er 

is a l. This digit in the binary number is 6 0101 
then compared with the next least sig- 

nificant position in the reflected code. a sata 
Again if the two are alike, the digit in that 9 1101 


position in the binary number is a OQ; if 
the two are unlike, it is a 1. The operation is diagramed in Fig. 5. An 
electronic circuit for making the conversion is shown in Fig. 6. 


reflected binary input 
O 


binary output 


Fig. 5—Sequence for comparing binary and reflected binary codes. 


The code given in Fig. 7 is a reflected binary, excess-3 representation of 
the 10 decimal symbols. This code, when converted into binary number, 
yields the binary excess-3 code given in Fig. 3. It has the property that 
only one digit change is required in advancing from the 9 to 0 representa- 
tion, and that change occurs in the most significant position. This is a useful 
property for many applications. 
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Coding continued 


Computers in business applications particularly may be required to handle 
information other than numbers. To encode all of the letters of the alphabet 
plus all of the arabic numerals requires a minimum of 6 binary digits if 
ambiguity is to be avoided. A typical code of this type is given in Fig. 8. 


Fig. 7—Reflected binary, excess-3 code. Fig. 9—Code including check bits. 
reflected binary, 
excess-3 
character representation character | code 
0 0010 0 0010 001 
1 0110 : 1 0110 000 
2 0111 2 0111 001 
3 0101 3 0101 000 
4 0100 4 0100 001 
te) 1100 § 1100 000 
6 1101 6 1101 001 
7 1111 7 1111 000 
8 1110 8 1110 001 
9 1010 9 1010 000 
Fig. 8—Code including alphabet for business-machine applications. 
coded coded 
character representation character representation 
0 0010 00 J 0110 01 
1 0110 00 J. oe 
L 
2 0111 00 oO 
3 0101 00 M 0100 01 
4 0100 00 N 1100 01 
§ 1100 00 oO 1101 01 
6 1101 00 
7 1111 00 : ae 
8 1110 00 © ae 
9 1010 00 R 1010 01 
A 0110 11 S 0111 10 
B O111 11 T 0101 10 
Cc 0101 11 U 0100 10 
1D) 0100 11 V 1100 10 
E 1100 11 
FE 1101 11 W 1101 10 
X 1111 10 
G 1111 «11 ; 
H 1110 11 ¥i 1110 10 
| 1010 11 Z 1010 10 
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Additional bits are frequently used for the purpose of providing a check 
against errors. The 7-bit codes used in the Univac and the IBM machines 
are of this type. They are so constructed that the total number of I's in 
the code for any character is either always odd or always even. For 
example, in the code of Fig. 8, a check bit (for even check) would make 
the code appear as in Fig. 9. 


Switching circuits 


In the circuits shown in Fig. 10, the following notation applies: 
Only one of two states is permissible (1 or 0) 

The -- symbol should be read ‘‘or’’ 

The X symbol should be read “and” 


Thus, 

A+B=AorB 

A XB=AandB 
AB = Aand B 


A(B + C) = Aand either B or C 
Since 1 and 0 are the only permissible representations, if 


A=landB=1 


Then: 

A+B=1 AXB=1 
A+0O=1 AX0=0 
O0+B=1 0xXB=0 


These functions are commutative and associative. 
The zero or negative is written A, read, “not A”. 
Thus, 

a XB = 0 

AXB=0 
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Switching circuits — continued 


Fig. 10—Typical computer circuits. 


circuit symbol 


A+B 


B. Inverter. 


€. Logical or combined with inverter. 


D. Logical "or" using dual triode. 
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Fig. 10—Continued 


circuit { symbol 


bb. 
ital AXB 


E. Logical "and" circuit using diodes. 


G. Logical “and" circuit using dual triode. 
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f@ Nuclear physics 


General 


Atoms consist of a dense core or nucleus of particles surrounded by a 
cloud’ of negative electrons. The nucleus, the bulk of the atomic mass, 
bas a radius of the order of 10-18 centimeter, as compared with 10 ® centi- 
meter for the electronic shell. The nuclear particles are held together by 
forces very different from the well-known gravitational and electric forces: 
they are many orders of magnitude greater and come into play only when 
the interacting particles are extremely close together. 


Detection of effects involving this combination of short distance and power- 
ful force necessitates the use of tools of corresponding smallness: waves 
of extremely short wavelength (X rays, gamma rays) or nuclear particles 
themselves. Bombarding particles of this kind occur naturally as cosmic rays 
or are produced artificially by high-energy particle accelerators. 


Fundamental particles 


Fig. 1 is a table of subatomic particles based on present (1956) knowledge. 
The following are explanations of their constitution and qualities. 


Electron: A particle with negative electric charge. Beta (@) particles emitted 
by certain radioactive materials are high-speed electrons. The electron 
mass is 9.1 X 10° gram. 


Proton: A particle possessing a positive electric charge and a mass 1836 
times the mass of an electron. The nucleus of a hydrogen atom consists of 
a single proton. 


Neutron: A particle, electrically neutral, with mass slightly greater than 
that of a proton. In simplified form, the atom has been pictured as a relatively 
compact nucleus built up of protons and neutrons surrounded by a cloud 
of electrons whose number is equal to the number of protons in the nucleus. 
Uranium28, for instance, contains 92 protons (balanced by its 92 electrons) 
and 146 neutrons. The chemical properties of the atom are determined only 
by the number and arrangement of the extranuclear electrons. The term 
nucleon is used to refer to either the neutron or proton when it is not 
necessary to distinguish between them. 


Photon: Although electromagnetic disturbances (X rays, radio waves, heat 
rays, light, etc.) behave like waves, their energy is transmitted in discrete 
bundles called photons. The energy E ergs carried by each photon is related 
to the frequency v cycles per second of the associated wave by E = hv 
where h = Planck’s constant = 6.62 X 10°? erg—seconds. The  high- 
energy photons emitted by some radioactive materials are called gamma 
(y) rays. 
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Neutrino: A particle with negligible mass. The neutrino was hypothesized to 
account for certain features in the emission of the high-speed electrons—f 
particles—from radioactive nuclei. When a #-emitting nucleus disin- 
tegrates, it creates both an electron and a neutrino. The neutrino has never 
been detected directly, but its properties have been fairly well established 
by indirect experiment. 


Positron: A particle with the same mass as an electron but having positive 
electric charge. Positrons do not exist in normal atoms. They may appear in 
radioactive decay or be materialized when high-energy photons interact 
with nuclei. The ultimate fate of every positron is its conversion into electro- 
magnetic energy. 


Negative proton: A particle with the same mass as the proton but having 
negative electrical charge. Like positrons, negative protons do not occur 
naturally but are produced as a result of high-energy interactions. They are 
converted into electromagnetic energy when they encounter normal protons. 


Meson: Mesons are observed among the products of nuclear disintegration 
when very-high-energy particles strike nuclei. Most prominent of the meson 
family are the pi (a) and mu (u) mesons. Three kinds of 7 mesons exist. Two 
are electrically charged (-+) and decay into the lighter 4 meson about 
10-8 second after their formation. The third has no charge and decays into 
two photons. The u meson is also unstable and decays into an electron and 
two neutrinos about 10°® second after it appears. 


Heavy elementary particles: Approximately a dozen different particles of 
this kind have been identified, classed as hyperons and heavy mesons; all 
are unstable, some being so short-lived that they decay even while in flight. 


Deuteron; a particle: These “particles” are nuclei of deuterium and of 
helium, respectively. The deuteron consists of 1 proton and | neutron; the 
alpha (a) particle of 2 protons and 2 neutrons. The latter is a particle emitted 
by some naturally radioactive materials. Both are used as bombarding 
particles in high-energy accelerators. 


Terminology 
Atomic nucleus: Consists of protons and neutrons, Z and N in number. The 


number of protons Z is referred to as the atomic number. 


Nuclear charge: Carried by the protons, each of which has charge 
Si 6 1OYe coulomb: 


Mass number: An integer A equal to the total number of neutrons and 
protons in the nucleus. A = N + Z. The complete symbolic representation 


= 
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of a nucleus is 7X“ where X is the appropriate chemical symbol: carbon, 
with 6 protons and 6 neutrons, is written gC!2. 


Atomic mass unit, (amu): A unit of mass equal to 1.660 & 107% gram and 
equivalent to the mass of each of the particles of a fictitious substance 
whose molecular weight is 1 gram. One atomic mass unit is approximately 
the mass of the neutron or proton. 


Isotopes: Nuclei with common Z. Isotopes are chemically indistinguishable: 
the three naturally occurring isotopes of oxygen are gO’, sO! and sO}. 
Nuclei with common A are called isobars; with common N, isotones. 


Mass defect: The masses of nuclei are less than the sum of the masses 
of their separated constituent neutrons and protons. The difference is the 
mass defect: the proton and neutron masses are respectively 1.6723 K 10° %4 
and 1.6746 & 10°-™4 gram, whereas the mass of the deuteron is 3.3430 x 10724 
gram; the mass defect of the deuteron is thus 0.0039 & 1074 gram. 


Binding energy: The energy required to separate all of the component 
neutrons and protons of the nucleus is called the total nuclear binding 
energy B. Binding energy and mass defect are equivalent according to the 
relativistic mass—energy relation. The fraction B/A is approximately 8 & 108 
electron—volts for all but extremely light nuclei and represents on the 
average the energy required to remove a single neutron or proton from a 
nucleus. 


Electron—volt: A unit convenient for representing the energy of charged 
particles accelerated by electric fields. The electron—volt (ev) is equal to 
1.6 X 107! joule and is the kinetic energy acquired by a particle bearing 
one unit of electric charge (1.6 & 107! coulomb) that has been accelerated 
through a potential difference of 1 volt. According to the relativistic mass— 
energy equation | (amu) = 931 (mev), where 1 (mev) = 108 (ev). 


Fission; fusion: The breakup of nuclei into nuclear fragments that are them- 
selves nuclei is fission. The coalescing of two nuclei to form a heavier one 
is fusion. The mass defect for middle-weight nuclei is greater than that of 
light or heavy nuclei; light and heavy nuclei in general both have nucleons 
of average weights greater than those of medium-weight nuclei into which 
they might fission or fuse. Thus, when uranium breaks into its fission frag- 
ments, or two deuterium nuclei fuse to form helium, there is a net loss in 
mass. The mass lost appears as an equivalent amount of kinetic energy of 
the nuclei or their decay products. In the fission of U2, for example, each 
fissioning nucleus releases approximately 200 mev ~ 1074 erg of energy. 
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Nuclear radius of a nucleus of mass number A is given approximately by 
R = roA’/3. Experimental values quoted for ro range from 1.1 to 1.5 X 
107¥3 centimeter. The unit of length, 107! centimeter is called the fermi. 


Nuclear reaction: A process in which a nucleus struck by a fast-moving 
particle combines with it to form an energetic aggregate. This briefly 
formed compound nucleus breaks up almost immediately either into the 
Original nucleus and particle or into a different nucleus and one or more 
secondary particles, effecting a nuclear transmutation in the second case. 
A typical reaction represented in detail is: 


ip! “+ gLi? = (,Be®) == 4Be’ + gn 
le a ee eS Lew ee 
bombarding target compound residual emitted 
particle nucleus nucleus nucleus particle 


or in abbreviated form, Li’(p,n)Be’. The bombarding and emitted particles 
in this reaction are a proton and neutron, respectively. 


Cross section of a nuclear reaction is a measure of the probability of its 
occurrence. Quantitatively, the total cross section o is the inverse of the 
number of particles that must strike 1 centimeter? of target material to 
induce a nuclear reaction in | nucleus of the target. If the number of target 
nuclei/centimeter? = N, and there are F bombarding particles incident on 
each centimeter? of the target/unit time, the number of nuclear events n 
(per centimeter?/unit time) is given by n = NFo. The barn = 107% centimeter? 
is commonly used to express cross-section values. 


Stable nucleus: One that retains its identity indefinitely unless disturbed 
by external forces. 


Radioactive nucleus or unstable nucleus: One which ultimately transforms 
spontaneously into a nucleus of a different kind. The transformation occurs 
through the emission of beta particles, alpha particles, or gamma rays 
(radioactive decay); through the breakup of the nucleus into one or more 
nuclear fragments (spontaneous nuclear fission); or through the absorption or 
capture of an extranuclear electron from the atomic shell (electron capture). 


Activity of a radioactive material: The number of its nuclei that decay in 
unit time. 


One Curie of a radioactive substance is that amount having an activity 
of 3.7 X 10’ disintegrations/second (= disintegration rate of | gram of 
radium). 
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Radioactive decay constant \: The fraction of nuclei of a_ radio- 
active material disintegrating in unit time. The radioactive nuclei re- 
maining after time t in a material consisting originally of No nuclei is given 


by N = No exp(— Df). 


Half-life 7 of a radioactive material is the time until its original activity 
is reduced by half and is given in terms of the decay constant by r = 0.693/X. 


Relativistic conceptions: Two concepts fundamental to the explanation of 
nuclear and atomic phenomena stem from the special theory of relativity. 


These are: 


a. Relativistic mass: The behavior of bodies moving at an appreciable 
fraction of the velocity of light can be explained only if they are assumed 
to have a mass that increases with velocity. The relativistic velocity- 
dependent mass, 


m = mo/(l — v?/c2)1/2 
where 
mo = mass of body at rest 


velocity of the body 


V 
c = velocity of light 


fall in consistent units), must be used in all accurate calculations of the 
behavior of energetic nuclear and atomic phenomena. The relativistic mass 
increase is important in the design of high-energy particle accelerators. 


b. Mass—energy equivalence. The kinetic energy of a moving body is given 
accurately by (m — mo)c?. (The familiar expression mov?/2 is an approxima- 
tion applicable only at low velocities.) By inference, a body at rest has 
associated with it the so-called rest energy E = moc®. A striking example 
is the tremendous quantity of energy released during nuclear fission. 


Spin and magnetic moment. Fundamental particles appear to rotate about 
their axes like tops and, in addition, when grouped within the nucleus, move 
about each other continually. The angular momentum associated with these 
motions is called the nuclear spin; a measure of the magnetic effects pro- 
duced by the rotating particles is the so-called nuclear magnetic moment. 
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General 


Particle accelerators use electric and magnetic fields to accelerate elec- 
trically charged particles or ionized atoms to high energy. Particle energies 
range from several hundred-thousand electron—volts (transformer—rectifier 
circuits) to several billion electron—volts (recently built proton synchrotrons). 


Particles most commonly accelerated are electrons, produced from thermi- 
onic cathodes; and protons, deuterons, and alpha particles, from ionized 
hydrogen, deuterium, and helium gases. All these particles are used in the 
study of nuclear reactions induced when they strike nuclei directly. High- 
speed electrons are used also to produce high-energy X rays for bom- 
barding nuclei. Electrons and X rays are in widespread medical and biological 
Use and are also used in special chemical processes. Intense heavy-particle 
beams from cyclotrons are used to produce radioactive isotopes. 


Since energy and mass are equivalent, it is possible for part of the energy 
of a bombarding particle to be converted into matter: Mesons are created 
when nuclei are struck by particles of energy > ~ 150 mev. Intense proton 
beams are used to produce large quantities of mesons, used, in turn, to 
bombard secondary targets for the study of interaction of mesons with 
nuclei. At extremely high ener- 


gies in the billion-volt region, 
high-voltage 


hyperons and K-particles are 


terminal 
produced and intensive studies charge 
are currently directed toward i roa 
: | pein ar 
Understanding these particles. Dy charged- 
particle 
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charge spray | 
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~~ evacuated 
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tube (glass, 
ceramic) 


emerging 
beam 


Fig. 2—A Van de Graaff generator. 


896 CHAPTER 31 


High-energy particle accelerators continued 

with high velocity. By pressurizing the atmosphere around the generator, 
the machine can be made very compact—a modern 2-million-volt generator 
can be housed in a tank less than 6 feet long. Voltages range from about 
0.5- to 10-million volts. Beam currents up to | milliampere can be produced. 
The energy of the beam can be controlled to high precision (= 1/10 
percent) and can be made highly monoenergetic (e.g., (8 X 10%) + 10* 
electron—volts). A practical upper limit to the voltage attainable by existing 
design standards seems to be in the region of 12- to 15-million volts. 
Representative generators of this type are listed in Fig. 3. 


Fig. 3—Representative electrostatic accelerators. 


Massachusetts Institute of 
Technology; 
Cambridge, Mass. 


University of Wisconsin; 


characteristic Madison, Wisc. 


Column Vertical Horizontal 
Length in feet 18 1] 
Insulation Vycor glass disks Textolite tubes 
Belt 
Material Rubberized cotton Woven cotton 
Width in inches 20 26 
Speed in feet/minute 3600 2700 


Tank 
Size in feet 
Filling 


Voltage range in millions of 
electron—volts 
Limited by 


Beam current in microamperes 


Energy resolution in percent 


Cyclotrons 


32 high X 12 diameter 

90 percent No, 10 percent 
CO» to 250 pounds/inch? 
(400 pounds/inch? maxi- 
mum) 


3-8.5 (designed for 12) 


Discharge in accelerating 


tube 
= 1 for protons 


0.1 


20 long X 5.5 diameter 
Air—freon, 100 pounds/inch? 
(maximum) 


0.150—4.6 


Sparking to tank wall 


<3 for protons 


0.05 to 0.1 


The cyclotron (Fig. 4) uses a combination of a strong unipolar magnetic 
field and a high-frequency electric field. The heart of the machine consists 
of two hollow metal electrodes called dees. The dees are connected to 
the terminals of a high-power radio-frequency oscillator and are housed 
in an evacuated chamber between the poles of a large electromagnet. 
Charged particles are produced by introducing gas (hydrogen, deuterium, 
or helium) into a.small discharge tube at the center of the gap between the 
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dees. The acceleration process begins with the extraction of charged 
particles from this ion source by the electric field across the dee gap. 
The particles receive an initial brief ac- 


Py 
celeration from the electric field, cross / V4 
the gap, and enter one of the dees. The , Peper eee 
strong magnetic field causes the particles yy, G 


which time, by proper choice of oscillator 
frequency, the electric field across the gap 
has been made to reverse; the particles 
are again accelerated, increasing their 
velocity further. This process is repeated 
Over and over, the particles gaining in 
energy with each passage through the 
gap, moving in circles of ever increasing 
radius, and attaining very high energy, by 
the time they reach the outer circum- 
ference of the dees. At this point, the 
particles may be extracted from the dees 
by an electrostatic deflector and allowed ene 
to strike an external target. The time 
required for each semicircular traversal 
remains constant for particle velocities ratio irectenct 
that are small compared to the velocity oscillator —p 
of light. This is the case in conventional 
cyclotrons of energy less than 20- to 30- 
million electron—volts, in which it is therefore possible to use a constant- 
frequency oscillator. At higher energies, the particle mass becomes appre- 


fo move in a circular path. After traversing 
a semicircle they re-enter the gap, at 
ion Source 


evacuated 
chamber 


Fig. 4—A cyclotron. 


Fig. 5—Representative cyclotrons. 


Massachusetts Insti- University of University of 
tute of Technology; California; Chicago; 
characteristics Cambridge, Mass. Berkeley, Calif. Chicago, Ill. 
Type Conventional Synchrocyclotron Synchrocyclotron 
cyclotron 
Magnet 
Pole diameter in inches | 42 184 170 
Weight of iron in tons 75 4,300 2,200 
Field in gausses 18,000 15,000 18,600 
Particle energy in millions | 7.5 for protons 350 for protons 450 for protons 
of electron—volts 15 for deuterons 195 for deuterons 


30 for @ particles 390 for @ particles 
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ciably increased through the relativistic effect and the oscillator must be 
frequency modulated correspondingly. Synchrocyclotrons of this latter kind 
have been built to accelerate protons to very-high energies. Because of 
the relativistic effect, the cyclotron is a practical accelerator only for 
heavy charged particles and is not used to accelerate electrons. Beams of 
very-high intensity are produced (Fig. 5). 


Betatrons 


The betatron accelerates electrons through the use of a time-varying 
magnetic field (Fig. 6). A pulse of electrons is injected from an electron gun 
tangentially into a circular evacuated tube called the doughnut. A magnetic 
field perpendicular to the doughnut plane is simultaneously turned on and 
caused to rise rapidly to very-high intensity. This changing magnetic field 
induces a strong electric field that exerts a tangential force on the injected 
extends over the doughnut, acts also 


GE Y 


bs 


electrons. The magnetic field, which 
to constrain the moving electrons to 
circular paths. If the field strengths at 
and within the electron orbit are 
properly related, the orbit radius 
remains essentially constant through 


the acceleration cycle. The com- 
plete acceleration process involves 
several hundred thousand circular 
traversals and is accomplished in a 


When the 


electrons have attained full energy, 


fraction of a second. 


the magnetic field is purposely dis- 
torted, shifting the electron orbit 
and causing the electrons to strike 
a small target producing high-energy 
X rays. Techniques have also been 
developed for extracting part of the 
electron beam from the doughnut. 
Operation is usually at repetition 
rates ranging from 60 to 180 cycles/ 
second. Machines of energy up to 
300-million © electron—volts in 
use (Fig. 7). 


are 


confining annular 
magnetic field electron 
injector 
particle 
orbit 


fo vacuum 


litt evacuated 
beam py doughnut 


Fig. 6—A betatron. 
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Fig. 7—Representative betatrons. 


General Electric 
Research Laboratory; University of Illinois; 


characteristics Schenectady, N. Y. Urbana, Ill. 
Pet ip ent ee NG, 


Orbit radius in inches 33 51 
Se ee ee 
Injection 
Energy: in thousands of electron—volts 30-70 100 
By Electron gun Electron gun 
Cote i 5 
Magnet 
Over-all dimensions in feet SEEM ae, OOH) = DST KO YD eG high 
Weight in tons 130 400 
Field at orbit (maximum in gausses) 4000 = 8000 
Magnet power (full load in kilowatts) 200 170 
BL to os Ee eee 
Vacuum tube Oval-shaped Oval-shaped 
Dimensions in inches = 8 wide X 5 high 10 wide X 6 high 
eer eet) sot ene 
Repetition rate in cycles/second 60 6 


(5 Rene SY aaa el ea 

Electron energy (maximum in millions of 
electron—volts) 100 312 

eee 

X-ray output in roentgens/minute at 1 meter | = 2600 (at 100 mev) = 12,000 (at 280 mev) 


Synchrotrons laminated steel 

« fing magnet 
The synchrotron accelerates protons [PR 
or electrons by combining a time- Tumi) LETT TT) a 
varying magnetic field with a radio- \ ee ae 


frequency electric field. The machine 
(Fig. 8) consists essentially of an 
evacuated accelerating ‘‘doughnut” 
placed between the poles of an 
annular electromagnet. Particles in- 
jected into the doughnut are con- 
strained to a circular path by the 
magnetic field. As in the cyclotron, 
the particles are accelerated briefly 
by a radio-frequency field each 
time they pass an electric gap in 
the accelerating tube. In the case of Ny 

protons, which become relativistic ple hii NO~— 9 F 
Only at energies in the billion beam! 
electron-volt region, the  pro- Hi 

ton velocity increases continually Fig. 8—Electron synchrotron. 


particle electron 
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frequency 
acceleration 
section 


X-ray target 


evacuated 
doughnut 


900 CHAPTER 31 


High-energy particle accelerators continued 
SAFE A TY TSA TT LTE UEC PNT 


throughout the accelerating cycle. Successive revolutions around the 
doughnut occur in shorter times and the accelerating-field frequency must 
-be increased correspondingly. Electrons, which are much lighter, are 
brought very quickly to the limiting velocity of light, becoming highly 
relativistic at energies of 2-million electron—volts or more. Above this 
energy, they revolve about the doughnut with essentially the same period. 
For this reason, electron synchrotrons are usually operated in two steps: an 
initial betatron phase; during which the electrons are accelerated by the 
time-changing magnetic field alone; and a synchrotron phase, after the 
electrons have reached the neighborhood of 2-million electron—volts when 
a constant-frequency accelerating field is turned on to carry out the 
remainder of the acceleration (and the magnetic field serves only to 
constrain the particles). An important advantage of the synchrotron over the 
betatron is the elimination of the central part of the magnetic field and 
the expensive and heavy magnetic material that this represents. Electron 
synchrotrons (Fig. 9) operate essentially in the same energy region as 
betatrons and have the same applications. Notable proton synchrotrons 
(Fig. 10) are the Brookhaven Cosmotron and the Berkeley Bevatron, which 
are used for the study of extremely high-energy phenomena in the billion- 
electron—volt region. 


Fig. 9—Representative electron synchrotrons. 


University of Cali- Cornell University; 
characteristics fornia; Berkeley, Calif. ithaca, N. Y. 
Orbit radius in inches 39.4 39.4 
Magnet 
Weight of iron in tons 135 75 
Weight of copper in tons 1.75 1.8 
Peak field in gausses 14,000 10,000 
Pole tip gap (pole-to-pole) in inches 3.7 3.25 
Magnet power supply 
Type Pulse Alternator 
Repetition rate in pulses/second 6 30 
Peak voltage in kilovolts 19 11.2 
Peak current in amperes 3060 3500 
Oscillator 
Frequency in megacycles 47.7 47.5 
Peak power in kilowatts 6 5.5 
Electron energy (maximum in millions of 


electron—volts) 300 | 320 


X-ray output in roentgens/minute at 1 meter | 1000 1600 
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Fig. 10—Representative protron synchrotrons. 


Brookhaven University of 
National Laboratory; California; 
characteristics Upton, N. Y. Berkeley, Calif. 

Orbit radius in feet 30 50 
Be ee 
Injection 

Energy in millions of electron—volts 3.6 99 

By Electrostatic generator | Linear accelerator 
eee 
Magnet 

Weight in tons 2,000 10,000 

Peak field in gausses 14,000 15,000 

Pole tip gap in inches 9.5 high X 48 radially | = 13 high & 52 radially 

Peak current in amperes 7,000 8,300 


ee ee ee eee 


Frequency-modulated-oscillator 


frequency in kilocycles 370 to 4200 350 to 2500 
SA ees ee aera 
Repetition rate in pulses/minute 12 4-10 


Energy (maximum in billions of 

electron—volts) 3 6.1 
= sla See SS a ne: Ria eee ies ome Ys 3 
Proton current (internal beam) in 

protons/pulse 5 X 1010 1010 


Strong-focusing synchrotron: Charged particles accelerated in circular ma- 
chines like the synchrotron experience perturbing forces that displace them 
from their ideal orbits. To confine the particles within the accelerating 
tube, it is necessary to shape the magnetic field of the machine so that 
restoring forces are exerted on particles so displaced. The particles thus 
perform oscillations about some average path and remain within the 
accelerating tube, provided this has sufficiently large cross-sectional area. 
At very-high energies, however, the required tube cross section is very 
large and the amount of magnetic material needed to surround it becomes 
prohibitively great. For example, a 30-billion-electron—volt proton syn- 
chrotron of conventional design would require at least 100,000 tons of iron. 


Recent studies have revealed methods for shaping the confining magnetic 
field to reduce the amplitude of the oscillations by a large factor. It is 
expected that the strong-focusing or alternating-gradient fields so devised 
would permit the construction of a 100-billion-electron—volt synchrotron 
with a magnet weighing 6000 tons. Two strong-focusing machines are 
currently under construction to operate at about 25 billion electron—volts, 
One at the Brookhaven National Laboratory (Fig. 11) and the other at the 
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European Council for Nuclear Research (CERN) in Geneva. The principles 
of strong-focusing design are currently being extended to radio-type 
vacuum tubes employing linear electron beams.* 


Fig. 11—Preliminary design parameters for strong-focusing synchreotrons. 


Harvard University, 
Massachusetts Insti- | 


Brookhaven tute of Technology; 
National Laboratory; Cambridge, Mass. 
characteristics Upton, N. Y. (tentative 1956) 
Orbit radius in feet 280 91 F 
Injection 
Energy: in millions of electron—volts 50 40 
By Linear accelerator Linear accelerator 
Magnet 
Weight of iron in tons 3000 323 
Weight of copper in tons 35 65 
Peak field in gausses 14,000 9000 
Oscillator 
Frequency in megacycles fm, 1.4-4.5 406 
Repetition rate in pulses/minute 20 1800 
Particle energy in billions of electron—volts 25-35 for protons 7.5 for electrons 


Linear accelerators 


The linear accelerator moves charged particles along a straight path by 
means of a radio-frequency electric field. The machine's essential element, 
the accelerating tube, is a long waveguide, loaded periodically along its 
length with suitable field-perturbing obstacles. High-power radio-frequency 
energy passes into the waveguide and builds up an oscillating electro- 
magnetic field of high amplitude within it. If waveguide and obstacle 
dimensions are properly chosen, one of the travelling waves of which the 
field is composed will have the characteristics necessary for linear acceler- 
ation. Such a wave must have a strong electric component along the 
accelerating-tube axis and must move along this axis with the velocity of the 
particles being accelerated. As particle velocity increases along the tube, 


* A.M. Clogston and H. Heffner, ‘Focusing of an Electron Beam by Periodic Fields, Journal 
of Applied Physics, vol. 25, pp. 436-447; April, 1954. 
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the wave velocity must likewise change, and it is necessary, in general, to 
change the characteristics of the waveguide progressively along its length. 
For proton and other heavy-particle machines, this change is appreciable up 
to very-high energies. Electron accelerators, on the other hand, require 
a change in waveguide dimensions for, at most, only a very-short initial 
length of the accelerating tube. 


Charged particles injected along the accelerating-tube axis in correct 
phase with respect to the accelerating wave are increased in velocity so 
as to keep in step with it. The field conditions surrounding the particles 
thus remain essentially constant and the particles move almost as though 
they were in an unvarying field. 


Since accelerating-tube dimensions are Proportional to the wavelength of 
the oscillator, operating frequencies in the very-high-frequency and micro- 
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Fig. 12—Traveling-wave-type iris-loaded linear electron accelerator. 


wave regions are used. For example, almost all electron accelerators use 
multimegawatt pulsed (l—5-microsecond) magnetrons or klystrons of about 
3000-megacycle frequency to operate accelerating tubes with diameters of 
3 to 4 inches. Peak accelerated electron-beam currents up to 100 milliam- 
Peres are easily obtained at duty cycles of from 1074 to 1073, resulting in 
average beam currents of from 1 to 20 microamperes. Energies up to 4- 
million electron—volts/foot have been attained. A number of machines in 
the 10-to-40-million-electron—volt region are in use. The Stanford University 
linear electron accelerator (Fig. 13), 220-feet long, has already produced 
beams of 600-million, and will ultimately reach at least 1-billion electron— 
volts. The relatively high beam intensity of the linear accelerator and the 
ease with which the beam may be extracted from the accelerating tube are 
two of the machine's important advantages. 


904 CHAPTER 31 


High-energy particle accelerators continued 
(RPAH SNR SAE TAN SNA ASN ATLL LL LEO SE I 


Fig. 13—Representative linear accelerators. 


University of Cali- Stanford University; 
characteristics fornia; Berkeley, Calif. Palo Alto, Calif. 
Type Proton—standing-wave | Electron—traveling-wave 
Injection 
Energy in electron—volts Arcelie 5-8 X 104 
By Electrostatic generator | Electron gun 
Accelerating tube 
Type Cylindrical cavity Disk-loaded circular waveguide 
Length in feet 40 220 
Excitation mode T™ T™M 
Power supply 9 power oscillators 21 klystron power amplifiers 
Frequency in megacycles 202.5 2856 
Peak power/tube in megawatts | 2.1 10-20 
Repetition rate in pulses/second 15 60 
Particle energy (maximum in 
millions of electron—volts 31.5 > 600 
Beam current in microamperes 
Peak 60 50,000 
Average 0.3 1 
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Nuclear instrumentation 


Particle detectors 


Nuclear study is in large part carried out by observing the properties 
(e.g., number and kind, energy and angular distributions) of particles 
emitted by naturally radioactive nuclei, or by nuclei exposed to radiations 
of various kinds. The detection of such particles depends on the fact that 
a rapidly moving charged particle can produce an observable effect, such 
as fluorescence or ionization, in the medium through which it passes. 


Particle track recorders: A group of detectors exists in which the path of 
the particle can be observed visually in the form of a track in a super- 
saturated vapor or liquid, or in a photographic emulsion. 


Cloud chambers, either continuously or momentarily during an expansion 
phase, provide a gaseous atmosphere saturated with water vapor that 
condenses preferentially on molecules ionized by the particle. The vapor 
track is photographed stereoscopically. Energy and kind of ionizing particle 
are determined by the length, density, and shape of the track. 


Bubble chambers maintain a volatile liquid at critical temperature and 
pressure. When the pressure is instantaneously reduced, the ionized 
molecules produced by the particle act as the centers of a line of briefly 
visible vapor bubbles. 


Nuclear emulsions are thick photographic emulsions in which a track of 
developable silver-iodide grains marks the path of the ionizing particle. 
The developed tracks are viewed and measured by means of a microscope. 
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Gas-filled counters are detectors in which the charged particle ionizes gas 
enclosed in an envelope containing two electrodes across which high 
voltage is maintained. The occurrence of the ionizing event is manifested 
as an electrical signal that is used to actuate various recording devices. 
Depending on the electric-field gradient and gas pressure, the counter is 
an ionization chamber, a proportional counter, or a Geiger-Muller counter. 


lonization chambers are designed so that the charge collected by the high- 
voltage electrodes is at most the small charge liberated in the initial ioniza- 
tion process. If the ionizing source is steady, the charge produced in the 
counter may be observed as an average current (Fig. 14A); or, with ap- 
propriate circuitry, single-par- sf 

ticle ionization bursts may be ionization chamber 

used to produce small voltage 
pulses across the distributed 
capacitance of the chamber 
(Fig. 14B). The voltage pulses 
can be amplified electronically 


and recorded by auxiliary A 
apparatus. Fig. 14—Connections for an ionization chamber. 


pulse 
outpul 


The proportional counters function similarly to ionization chambers, except 
that electrode-voltage and gas-pressure conditions are chosen that multiply 
by a large factor the charge initially liberated by the ionizing particle. The 
charge collected at the electrodes as a result of this “gas-multiplication” 
process is thus much greater than in the ionization chamber. Weaker 
radiations can be detected and voltage pulse amplifiers of lower gain can 
be used. Although larger, the collected charge and output pulse remain 
proportional to the initial ionization and serve as a measure of the particle 
energy. 


Geiger-Muller counters use electrode voltage sufficiently great so that the 
gas multiplication factor is very large and an electric discharge is produced 
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Fig. 15—Typical Geiger-Muller counter. 
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in the counter whenever a charged particle enters, regardless of its energy. 
The counter (Fig. 15) is useful as an extremely sensitive detector of individual 
particles, producing large output pulses of uniform amplitude independent 
of the kind and energy of particle detected. 


Voltage pulses produced by gas counters have rise times in the order of 
10™* second. Random particles arriving at an average rate of up to 105/ 
second can be counted accurately by a carefully designed proportional 
counter. The Geiger-Muller counter, however, after producing its output 
pulse, requires up to 200 microseconds to restore itself to its original 
undischarged condition and cannot be used for counting rates much greater 
than 10%/second. 


Efficiency: All the gas counters detect charged particles with high efficiency. 
Counters with windows as thin as 2 or 3 milligrams/centimeter? are made 
which can be penetrated by charged particles of very low energy. X and y 
rays penetrate thick-walled counters readily, but are detected only if they 
interact with one of the atoms in the counter gas or wall, releasing an 
energetic charged particle that is detected by the ionization it produces. 
Although y-ray counters are purposely made thick-walled to increase the 
probability of this occurrence, which takes place infrequently, the efficiency 
of a typical gas-filled y-ray counter is only 1 to 2 percent. 


Neutron detection: Two common neutron detectors are the neutron-recoil 
detector and the boron-trifluoride counter. Both are proportional counters. 
The former is filled with a gas such as hydrogen whose charged nuclei recoil 
energetically when struck by neutrons and produce a typical proportional 
counter pulse. The pulse size decreases with decreasing energy of the 
incident neutron, so that the counter is not satisfactory for the detection of 
neutrons of very-low energy. The boron-trifluoride counter depends on 
a nuclear reaction for its effect. Neutrons of extremely low energy are 
very strongly absorbed by isotope B!° of boron. An unstable nucleus is 
produced that breaks into a lithium nucleus and an energetic q@ particle. 
The @ particle is then detected by the counter in the usual way. Slow 
neutrons (< 1 electron—volt) may be detected ‘directly by the boron- 
trifluoride counter. The detection of fast neutrons requires that these first 
be reduced in energy (thermalized) by passing through hydrogen-containing 
material, such as paraffin, surrounding the counter tube. 


Crystal counters function qualitatively in the same way as an- ionization 
chamber except that the medium between the high-voltage electrodes is 
a solid crystal instead of gas. The high density of the counter medium results 
in an advantageously small counter. A further advantage is the high velocity 
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with which electrons produced by ionization travel through the crystal, 
resu ting in fast counter pulses with rise times n the neighborhood o 107 
second. However, the reproducibility of pulses is, in general, not good; 
and the crystals become polarized electrically after long exposure to 
radiation Suitable crystals are silver chloride, zinc sulphide, diamond, 
cadmium sulphide, and the thallium halides. 


Scintillation counters (Fig. 16) involve the use of a light-sensitive detector, 
such as a photomultiplier tube, that is actuated by the visible fluorescence 
produced when charged particles strike certain transparent materials. The 
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Fig. 16—Photomultiplier and scintillating-crystal assembly. 


method has been developed in recent years into a highly superior counting 
technique following the discovery of crystals producing fluorescent scintilla- 
tions of high intensity and very-short duration, and with the application of 
fast, sensitive, photomultiplier tubes. (Descriptions of photomultiplier tubes 
and their circuits are given in the chapter, ‘Electron tubes’.) An important 
advantage is the very-fast decay time of the fluorescence, as short as 
2to 3 X 10°® second, which allows the detection of events occurring very 
closely together in time. The light output is proportional to the energy of 
the exciting particle. Because the crystals are dense and can be used in 
comparatively large sizes, they are efficient as y-ray detectors. Large 
inorganic crystals like sodium iodide can have y-ray counting efficiencies 
approaching 100 percent. Large-volume scintillators have been constructed 
for the observation of particles and y rays of very-high energy by using 
liquid solutions of organic scintillators. Solid plastic scintillators have been 
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constructed by embedding scintillating material in clear plastic and possess 
the advantages of being easily machined and handled. See Fig. 17. 


Cerenkov counters make use of the visible light emitted by relativistic 
charged particles when they enter media with high dielectric constant. A 
fast electron or proton entering a clear plastic material like polystyrene or 
lucite will emit visible light in a narrow cone in the direction in which the 
particle is moving. The light pulse can be detected in the usual manner with 
photosensitive devices. The duration of the pulse is extremely short 
(< 10° second). The application of the counter is limited by the small 
intensity of the light pulse and the fact that only particles of a very-high 
energy produce Cerenkov radiation. 


Fig. 17—Properties of some common scintillators.* 
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* Data abstracted in large part from R. C. Sangster, “Technical Report No. 55”, Massachusetts 
Institute of Technology Laboratory for Nuclear Science; Cambridge, Massachusetts; January 1, 
1950. Also, R. F. Hofstadter, “Properties of Scintillation Materials", Nucleonics, vol. 6, pp. 
70-73; May, 1950. Also, R. K. Swank and W. L. Buck, “Decay Times of Some Organic Scin- 
tillators”, Review of Scientific Instruments, vol. 26, pp. 15-16; January, 1955. 


910 _ CHAPTER 31 


Nuclear instrumentation continued 


Electronic apparatus 


The nature of radiations incident on particle counters is reflected, in 
general, by the magnitude of the counter outputs and the frequency with 
which they occur. An important part of nuclear experimentation is the 
recording of such signals in a manner that will facilitate their. interpretation. 
The problem, intrinsically one of sorting and measuring the counter. outputs, 
reduces usually to one or more of the following: 


a. Measurement of the number of output pulses occurring in a given 
interval of time. 


b. Sorting of the output pulses in terms of their amplitudes. 


c. Determination of the time interval occurring between pulses associated 
with related events; for example, between the artificial creation of a short: 
lived particle or nucleus and its subsequent disintegration. 


d. Selection of events of a particular kind from among other simultaneously 
occurring events; for example, the detection of particles emitted by a 
feebly radioactive source from among the normally occurring ‘“back- 
ground” of cosmic radiations. 


Amplifiers: Pulse-recording instruments require input amplitudes in the 
$0-to-100-volt region for their operation. The output pulses of particle 
detectors are usually too small—fractions to hundreds of millivolts—and 
must be amplified electronically before being used to actuate such devices. 
Except where it is necessary to follow the rise times of extremely fast 
pulses, amplifiers in common use are of the resistance-coupled type employ- 
ing negative feedback to enhance gain stability and linearity. Since the 
pulses passed are almost invariably of short duration, low-frequency 
amplification (< 10° cycles/second) is suppressed, greatly reducing the 
problems of microphonics and low-frequency pickup. Amplifier bandwidth 
is usually chosen to conform to the rise-time of the pulses amplified. 


Scaling circuit: The total number of pulses observed during a given interval 
is recorded ultimately by some form of mechanically driven register, so 
that for very-high counting rates it is necessary to reduce the number of 
pulses to be counted by a known factor. The electronic scaling circuit is a 
system designed to produce | output pulse for every k pulses supplied to if. 
The two common basic designs are the decade circuit and the binary or 
scale-of-2 circuit. 


Integral discriminator: A circuit designed to accept only pulses greater 
than a chosen minimum height. The circuit is usually designed to produce 
output pulses of constant amplitude for the actuation of further circuitry. 
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The discriminator is often built as an integral part of other devices, such as 
scaling circuits. 


Differential discriminator: This circuit consists basically of two integral 
discriminators that pass pulses differing in voltage by a chosen amount and 
is designed to produce an output pulse only when the circuit set for the 
lower amplitude is actuated. If the input pulse is large enough to operate 
both circuits, no output pulse results and only a selected range or channel 
of pulse heights is transmitted by the circuit. 


Pulse-height analyzer: A circuit intended to select and record simultaneously 
the numbers of pulses of different height being produced by a particle 
detector. Most pulse-height analyzers are based on the straightforward use 
of a large number of differential discriminators each set to accept a different 
channel of pulse heights. Each of the channels usually actuates a separate 
scaling circuit. Multichannel differential discriminators using up to 100 
channels are in common use. 


Coincidence and anticoincidence circuits: These circuits are used to signal 
when two or more separate events under observation occur simultaneously 
in time. The coincidence circuit is designed to record such occurrences 
and the anticoincidence circuit to reject them. The most commonly used 
coincidence circuit is a set of normally conducting electron tubes connected 
through a common resistance to a power supply. Each of the events under 
observation (e.g., pulses from several particle detectors) goes to one of 
the tube inputs. Whenever an event occurs, it cuts off the associated tube. 
As long as any one of the tubes remains conducting, the voltage across 
the common resistor changes very little. However, if all of the tubes are 
actuated simultaneously, no current flows through the resistor and the large 
resulting voltage change is used to actuate further circuits that are insensitive 
to the smaller voltage changes produced when total coincidence does not 
occur. It is sometimes desirable, on the other hand, to exclude events from 
the data being recorded when these occur at the same time as some other 
kind of event. The anticoincidence circuit, actuated by the system observing 
the unwanted event, prevents the recording of such occurrences by applying 
a strong cutoff bias to some element of the recording system. 
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Biological radiation damage 


Damage to living tissues results from the physical and chemical changes 
that occur when energetic particles or photons dissipate energy in body 
tissue. Harmful results can occur either through brief, severe exposures 
that cause extensive tissue damage, or as the result of constant exposure 
to low-level radiation of sufficient intensity to destroy tissue cells faster 
than the body can replace them. It is important to note that these radiations 
are not detected by the senses and that symptoms of radiation sickness 
may not appear for hours or days after even severe exposures. It is therefore 
extremely important to monitor carefully all radiations to which personnel 
may be exposed and to adhere closely to established radioisotope handling 
procedures and radiation tolerance limits. 


Hazardous radiations occur commonly in work involving the use of radio- 
active and fissionable materials, nuclear reactors, X-ray generators and 
high-energy particle accelerators. Radioisotopes emit energetic y rays, 
B and & particles. High-energy accelerators can produce intense primary 
beams of protons, electrons, deuterons, @ particles (and X rays and neutrons 
as secondary radiations when the beams are allowed to strike matter). 
The fissioning materials of nuclear reactors produce enormous amounts 
of all radiations, particularly neutrons, as well as large volumes of radio- 
active waste materials. Radiation intensities encountered range from those 
of small microcurie amounts of radioisotopes used in the laboratory to 
those of the megacurie radioactive wastes that must be removed periodically 
from nuclear reactors. 


Radiation units 


Roentgen: The accepted quantitative measure of energy dissipation in 
matter by X or y rays is the roentgen r, which is defined in terms of the 
ionization produced by X radiation in a standard amount of air. (One 
roentgen is the amount of radiation that releases by ionization 1 electro- 
static unit of charge of either sign in 1 centimeter® of air at normal tempera- 
ture and pressure.) For biological purposes, the effects on body tissue of 
all radiations is expressed in terms of the radiation energy (in ergs) absorbed 
by 1 gram of tissue. Radiation dosage units are derived, in fact, on the basis 
of the energy absorption (93 ergs/gram) corresponding to the irradiation 
of body tissue by 1 roentgen of X radiation. 


Roentgen equivalent physical (rep) unit, now obsolete, corresponds to 
energy absorption of 93 ergs/gram by tissue through which ionizing radiation 
passes. 


9] 4 CHAPTER 31 


Radiation safety continued 


The rad unit replaces the rep unit, 1 (rad) = (100/93) (rep), and corresponds 
to energy absorption of 100 ergs/gram of body tissue. 


Relative biological effectiveness (rbe) is a weighting factor, equal to unity 
for X rays, that expresses how much more or less effectively a given radiation 
produces biological effects than 

do xX rays of the same rad. The Fig. 18—Relative biological effectiveness (rbe). 
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Neutrons 
Some currently accepted qual- Slow 5 
itative values are tabulated in 

Fast 10 


Fig. 18. 


Roentgen equivalent mammal (rem) unit, defined originally in terms of the 
rep, is the amount of any given radiation producing the same biological 
effect as | rep of X rays. The current definition is given properly as 


1 (rem) = [1/(rbe)] (rad) 


but is for practical purposes unchanged because of the small difference 
(< 10 percent) between the rep and rad units. 


Radiation dosimetry 


A number*™ of calibrated portable radiation detection instruments have 
been designed using standard particle detectors in conjunction with count- 
integrating and count-rate circuitry. The devices are usually designed for 
specific applications, such as the detection of small amounts of radioactive 
contamination or the measurement of radiation from high-energy accelera- 
tors and use particle detectors (Geiger-Muller, ionization chamber, etc.) 
suited to the application. Pocket dosimeters and photographic films that 
may be worn on the body constitute very-important protection methods 
and are in almost universal use. The former are small ionization chambers, 
usually of the shape and size of a pocket pen, that can be charged from 
an external battery. The dosimeter charge leaks off in the presence of 
ionizing radiations and the amount of charge lost is a measure of the 
radiation to which the chamber has been exposed. The exposure is read on 


* See, for example, “Annual Buyer's Guide", Nucleonics, vol. 12, p. D-26; November, 1954. 
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a calibrated electrometer that is usually part of the dosimeter. Calibrated 
photographic film prepared by carefully controlled methods shows, by the 
amount of blackening, the amount of y radiation to which it has been 
exposed. When used with suitable types and thicknesses of metal, the film 
also provides an estimate of the radiation spectrum and detects the presence 
of 8 particles. Neutrons can be detected by films that record the track of 
recoiling hydrogen nuclei. The films are examined by microscope to 
determine the neutron exposure. Film-badge services are provided by several 
of the national laboratories and in a number of areas by private agencies. 


Handling radioactive isotopes 


The hazard presented by radioisotopes is dependent on a number of factors. 
If the isotope is external to the body, important considerations—besides 
isotope amount, its distance from the body, and the area of the body 
irradiated—are the energy and kind of particle emitted. y rays and neutrons 
can penetrate deeply into the body and affect vital organs. Charged 
particles cannot penetrate to great depths and constitute a hazard to the 
extent that they damage the body surface. In this respect, electrons are 
more damaging than a@ particles of the same energy. The human tolerances 
to external radiation exposure are indicated in Fig. 19.* 


By far the greatest problem presented by radioisotopes is the possibility 
of their being taken into the body through inhalation, ingestion, or through 
breaks in the skin. Radiations originating within the body present an entirely 
different and more-serious problem; in particular, energetic a and B particles 
are very damaging. Important additional considerations are the lifetime 
of the radioisotope and its chemical character and form. These determine 
the extent to which it is absorbed, the organs to which it preferentially 
migrates, the ease with which it is excreted by the body, and its effective 
lifetime within the body. Certain isotopes, for example of radium, strontium, 
and plutonium, are long-lived and are also retained in critical body tissue 
for long periods. These isotopes are dangerous in very-small amounts: 
absorption into the body of 0.1 microcurie (107! gram) of radium is consid- 
ered to be a maximum permissible amount and plutonium is estimated to be 
up to 10 times as hazardous. 


Short-lived isotopes (minutes to days of half-life) are in general not of 
toncern unless there is chronic daily exposure or they are handled in 


* From, “Permissible Dose from External Sources of lonizing Radiation”, National Bureau of 
Standards Handbook No. 59, U. S. Government Printing Office; Washington 25, D. C.: Sep- 
tember 24, 1954. It is recommended that this handbook be consulted for appropriate interpreta- 
tion and extension of the data presented. 
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continued 


Fig. 19—Maximum permissible exposure to external radiation. 


radiation | 


X, Y rays less than 3 mev 


X, Y rays, any energy 


Neutrons, of energy 
2.0-20 X 10® electron—volts 
0.5-2 X 108 electron—volts 
Thermal (< 1 electron—volt) 


Radiation of very-low penetra- 
tion power (half-value layer 
< 1 millimeter of tissue) 


lonizing radiations, any type(s) 


Any type 


exposure 


Long-term maximum per- 
missible weekly dose 


Accidental or emergency 
exposure (once in life- 
time) 


Planned emergency expo- 
sure (once in lifetime) 


Long-term maximum per- 
missible weekly dose 


For 40-hour week 


Long-term maximum per- 


missible weekly dose 


Long-term maximum per- 
missible weekly dose 


Weekly fluctuations 


magnitude 


Whole body 
0.3 roentgen measured in air 
at point of highest weekly dose 
in region occupied by person 


Whole body 
25  roentgens—total 
measured in air 

Local 
Hands, forearms, feet, ankless 
100 roentgens—dose meas- 
ured in air in addition to 
whole-body dose 


dose 


Dose not greater than one-half 
those specified under “Acci- 
dental” 


Local 
Hands, forearms, feet, ankles: 
1.5 roentgens for skin 
Head, neck: 
1.5 roentgens for skin 
0.45 roentgen for lenses of 
eye 


30 neutrons/cm?/sec 
50 neutrons/cm?/sec 
1200 neutrons/cm?/sec 


Whole body 
1.5 rem for skin 
0.3 rem for lenses of eye 


Whole body 
0.3 rem for bloodforming or- 
gans, gonads, lenses of eye 
0.6 rem for skin 
Local 
Hands, forearms, feet, ankles: 
1.5 rem for skin 
Head, neck: 
1.5 rem for skin 
0.3 rem for lenses of eye 


In 1 week, accumulated dose in 
any organ may exceed by 3 
the basic permissible weekly 
dose, provided that total dose 
accumulated in any 13 consec- 
utive weeks does not exceed 
by 10 the respective basic 
permissible weekly dose 
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extremely large amounts. Caution should in any case be exercised in the 
handling of all radioisotopes. Isotopes with half-lives from a few years to 
about 100 years are especially dangerous, since they are long-lasting 
and because very small amounts possess high activities. Tolerances for 
internally absorbed radioactive material are indicated in Fig. 20. The general 
biological effects of radiation is shown in Fig. 21. 


In general, it is to be stressed that no attempt should be made by untrained 
personnel to handle unsealed radioactive materials or perform any opera- 
tions with them, either chemical or physical. Attention is drawn to the excel- 
lent detailed references and discussions listed in the following bibliography. 


Fig. 20—Maximum permissible amounts of radioisotopes in total body.* 


: permissible amount in 


radioisotope where concentrated total body in microcuries 
ko Bone 0.1 
Sa Bone 1.0 
Co + 9 Liver 3.0 
pes Bone 10.0 
Oe ba Bone 65.0 
Cs!87 4 Bgl8? Muscle 90.0 


* “Maximum Permissible Amounts of Radioisotopes in the Human Body and Maximum Permissible 
Concentrations in Air and Water", National Bureau of Standards Handbook No. 52, U5. 
Government Printing Office; Washington, D. C.: March 20, 1953. 


Health physics, radioisotopes, radioactivity bibliography 


1. Handbooks of the National Bureau of Standards available by purchase from the Superin- 
tendent of Documents, U. S. Government Printing Office, Washington 25, D. C. 


23—Radium Protection: 1938. 
41—Medical X-ray Protection up to Two Million Volts: 1949, 
42—Safe Handling of Radioactive Isotopes: 1949. 


47—Recommendations of the International Commission on Radiological Protection and of 
the International Commission on Radiological Units: 1950. 


48—Control and Removal of Radioactive Contamination in Laboratories: 195]. 
50—X-ray Protection Design: 1952. 
51—Radiological Monitoring Methods and Instruments: 1952. 


52—Maximum Permissible Amounts of Radioisotopes in the Human Body and Maximum 
Permissible Concentrations in Air and Water: 1953. 


54—Protection Against Radiations from Radium, Cobalt-60, and Cesium-137: 1954. 
57—Photographic Dosimetry of X- and Gamma-Rays: 1954. 
59—Permissible Dose from External Sources of lonizing Radiation: 1954, 


2. R. D. Evans, “Fundamentals of Radioactivity and Its Instrumentation", Advances in Biological 
and Medical Physics, vol. 1, Academic Press, Inc.; New York, N. Y.: 1948. 
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radiation exposures 
Vv 


210; 
@® 
jou) 
c 
® 
to) 
te 
& 
rs ‘X-ray or radium therapy 
a ( protracted dose ) 
es 
10 


gastrointestinal 


107 +<—Iocal examination 
permissible 
emergency 

whole X rays (< 3 mev) 
<— body 


dental Xray (4-15r/film) 


shoe-fitting fluoroscope 
(1.0 ->100r/fitting) 


1.0 <-photofluoroscopy of 
chest or pelvis 


routine chest X ray 


10, radium in wrist watch 


(O.1r/day) 


5) 


radium in normal skeleton 


(0.0002-0.002r/day) 


terrestrial gamma rays 

(0.0003+ r/day) 

K*° in human red blood 
«a— cells (0.0001+r/day) 


<@— cosmic rays at sea level 
(0.0001 r/ day ) 


Oi 


Fig. 21—Chart of radiation effects. 


local tte: human. wholes bees effects 


«— radiation ulcer 


@— skin reddens (radium 
gamma rays) 


EL sterilization (male) 

cataracts from Xrays 
temporary loss of hair 
sterilization (female) 


<— mouse 


a lethal for 


* (00 percent 

<—lethal for 50 percent 
man 

@— nausea 


<— temporary blood change 


ix from single exposure 
cancer-producing 


(10-100r/day to 
total dose * 50,000r) 


<— low white-blood-cell count 
(=~ \r/day for years ) 


After R. D. Evans and C. R. Williams. 


3. 


4, 


5. 
6. 
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“Tabulation of Available Data Relative to Radiation Biology”, Report 1019-1ER-17, NEPA 
Project, U. S. Atomic Energy Commission; Oak Ridge, Tenn.: 1949, 


“Guide for Selection of Equipment for Radioactivity Laboratories”, Nucleonics, vol. 7, 
p. R-1; November, 1950. 


O. Glasser, Editor, ‘Medical Physics, Il, Year Book Publishers, Inc.; Chicago, Ill.: 1950. 


R. E. Zirkle, Editor, “Biological Effects of External Beta Radiation”, McGraw-Hill Book 
Co., Inc.; New York, N. Y.: 1951. 


. A. Haddaw, Editor, “Biological Hazards of Atomic Energy”, Clarendon Press; Oxford, 


England: 1952. 


. J. R. Bradford, Editor, “Radioisotopes in Industry”, Reinhold Publishing Corp.; New York, 


LY 1953. 


. F. G. Spear, “Radiation and Living Cells”, John Wiley & Sons, Inc.; New York, N. Y.: 1953. 
. “General Handbook for Radiation Monitoring”, Report LA1835, Los Alamos Scientific 


Laboratory; Los Alamos, N. M.: September, 1954. 


. H. A. Blair, Editor, “Biological Effects of External Radiation”, McGraw-Hill Book Co., 


Inc.; New York, N. Y.: 1954. 


. L. D. Marinelli, “Radiation Dosimetry and Protection”, Annual Review of Nuclear Science, 


vol. 3, Annual Reviews, Inc.; Stanford, Cal.: 1954, 


. R. E. Zirkle, Editor, “Biological Effects of External X- and Gamma Radiation, Part 1”, 


McGraw-Hill Book Co., Inc.; New York, N. Y.: 1954. 


. C. lL. Comar, ‘Radioisotopes in Biology and Agriculture’, McGraw-Hill Book Company, 


Inc.; New York, N. Y.: 1955. 


HM Miscellaneous data 


requirement of additional insulation for high voltages as a result of the de- 
crease in atmospheric pressure. The extent of this effect may be determined 


from the chart below and the information on the opposite page. 


Design of electrical equipment for aircraft is somewhat complicated by the 
] inch mercury = 25.4 mm mercury = 0.4912 pounds/inch? 


Pressure—altitude graph 
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1.5° diam 


Sparkgap breakdown voltages 2.46" diam 


4 
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peak kilovolts 


40 


Sis isc 
Patt 


AmnE iinaaee 
oud aan ana 


gap length in inches 


BS 


fe] 
e 
Se 


Table of multiplying factors. 


pressure temperature in degrees centigrade 

in Hg | mm Hg —40 | —20 ie) 20 | 40 | 60 
5 127 0.26 0.24 0.23 0.21 0.20 0.19 
10 254 0.47 0.44 0.42 0.39 0.37 0.34 
15 381 0.68 0.64 0.60 0.56 0.53 0.50 
20 508 0.87 0.82 0.77 0.72 0.68 0.64 
25 635 1.07 0.99 0.93 0.87 0.82 0.77 
30 762 G25 ii7 1.10 1.03 0.97 0.91 
35 889 1.43 1.34 1.26 1.19 1.12 1.05 
40 1016 1.61 1.51 1.42 T3338 1.25 1.17 
45 1143 7 1.68 1.58 1.49 1.40 1.31 
50 1270 1.96 1.84 1.73 1.63 (53 1.44 
55 1397 2.13 2.01 1.89 1.78 1.67 1.57 
60 1524 2.30 2.17 2.04 1.92 1.80 1.69 


The graph above is for a voltage that is continuous or at a frequency low 
enough to permit complete deionization between cycles, between needle 
points, or clean, smooth spherical surfaces (electrodes ungrounded) in 
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Sparkgap breakdown voltages continued 


dust-free dry air. Temperature is 25 degrees centigrade and pressure is 
760 millimeters (29.9 inches) of mercury. Peak kilovolts shown in the chart 
should be multiplied by the factors given below it for atmospheric conditions 
other than the above. 


An approximate rule for uniform fields at all frequencies up to at least 300 
megacycles is that the breakdown gradient of air is 30 peak kilovolts/centi- 
meter or 75 peak kilovolts/inch at sea level (760 millimeters of mercury) and 
normal temperature (25-degrees centigrade). The breakdown voltage is 
approximately proportional to pressure and inversely proportional to 
absolute (degrees-Kelvin) temperature. 


Certain synthetic gases have higher dielectric strengths than air. Two such 
gases that appear to be useful for electrical insulation are sulfur hexa- 
fluoride (SFg) and Freon 12 (CC1Fs), which both have about 2.5 times the 
dielectric strength of air. Mixtures of sulfur hexafluoride with helium and of 
perfluoromethylcyclohexane (C7Fi4) with nitrogen have good dielectric 
strength as well as other desirable properties. 


Weather data* 


Temperature extremes 


United States 


Lowest temperature —70° F Rodgers Pass, Montana (Jan- 
vary 20, 1954) 

Highest temperature 134° F Greenland Ranch, Death Valley, 
California (July 10, 1933) 

Alaska 

Lowest temperature —76° F Tanana (January, 1886) 

Highest temperature 100° F_ Fort Yukon Wune 27, 1915) 

World 

Lowest temperature —90° F Ojimekon, Siberia (February, 
1933) 

Highest temperature 136° F Azizia, Libya, North Africa 
(September 13, 1922) 

Lowest mean temperature (annual) —14° F  Framheim, Antarctica 


Highest mean temperature (annual) 86° F Massawa, Eritrea, Africa 


* Compiled from EGimate and Man,” Yearbook of Agriculture, U. S. Dept. of Agriculture, 1941. 
Obtainable from Superintendent of Documents, Government Printing Office, Washington 25, 
Dy C} 
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Weather data continued 


Precipitation extremes 


United States 


Wettest state Louisiana—average annual rainfall 57.34 inches 
Dryest state Nevada—average annual rainfall 8.60 inches 
Maximum recorded Camp leroy, California (January 22-23, 1943)— 


26.12 inches in 24 hours 
Minimums recorded Bagdad, California (1909-1913) —3.93 inches in 5 
years 
Greenland Ranch, California—1.76 inches annual 
average 


World 


Maximums recorded Cherrapunji, India (July, 1861) —366 inches in 1 
month. (Average annual rainfall of Cherrapunji 
is 450 inches) 

Bagui, Luzon, Philippines, July 14-15, 1911—4é6 
inches in 24 hours 

Minimums recorded Wadi Halfa, Anglo-Egyptian Sudan and Aswan, 
Egypt are in the “rainless’ area; average annual 
rainfall is too small to be measured 


World temperatures 


territory | Hagel ti | Co rant ferritory | ping tety | page sls) 
ee eee ee 
NORTH AMERICA ASIA continued 
Alaska 100 —76 India 120 —19 
Canada 103 —7() lraq 125 19 
Canal Zone 97 63 Japan 101 —7 
Greenland 86 —46 alay States 97 66 
Mexico 118 1] hilippine Islands 101 58 
U.S.A. 134 —70 Siam 106 §2 
‘West Indies 102 45 Tibet 85 —20 

Turkey 11 —22 
SOUTH AMERICA U. S. S. R. (Russia) 109 —90 
Argentina 115 —27 
Bolivia 82 25 AFRICA 
Brazil 108 21 Algeria 133 1 
Chile 99 19 Anglo-Egyptian Sudan 126 28 
Venezuela 102 45 Angola 9} 33 

Belgian Congo 97 34 
EUROPE Egypt 124 31 
British Isles 100 4 Ethiopia 11 32 
France 107 —14 French Equatorial Africa 118 46 
Germany 100 —16 French West Africa 122 4] 
Iceland 7\ —6 Italian Somaliland 93 61 
ltaly 114 4 libya 136 35 
Norway 95 —26 Morocco 119 5 
Spain 124 10 Rhodesia 112 18 
Sweden 92 —49 Tunisia 122 28 
Turkey 100 17 Union of South Africa 111 21 
U. S. S. R. (Russia) 110 —é6l 

AUSTRALASIA 
ASIA Australia 127 19 
Arabia 123 35 Hawaii 91 §1 
China 111 —10 New Zealand 94 23 
East Indies 101 60 Samoan Islands 96 6] 


French Indo-China 113 33 Solomon Islands 97 70 
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Weather data = continued 


Wind-velocity and temperature extremes in North America 


Maximum corrected wind velocity (fastest single mile). 


femperature degrees fahrenheit 


wind | 
station miles /hour maximum minimum 

UNITED STATES, 1871-1955 

Albany, New York 71 104 —26 
Amarillo, Texas 84 108 —16 

Buffalo, New York 91 99 —2I 
Charleston, South Carolina 76 104 7 
Chicago, Illinois 87 105 —23 
Bismarck, North Dakota 72 114 —45 
Hatteras, North Carolina 110 97 8 
Miami, Florida 132 95 27 
Minneapolis, Minnesota 92 108 —H4 
Mobile, Alabama 87 104 —11 
Mt. Washington, New Hampshire 188* 71 —46 
Nantucket, Massachusetts 91 95 —6 

New York, New York 99 102 —14 
North Platte, Nebraska VP 112 —35 
Pensacola, Florida 114 103 7 
Washington, D.C. 62 106 —15 
San Juan, Puerto Rico 149T 94 62 
CANADA, 1955 

Banff, Alberta §2t 97 —60 
Kamloops, British Columbia 34f 107 —37 

Sable Island, Novia Scotia 64t 86 —12 
Toronto, Ontario 48t 105 ; —46 
* Gusts were recorded at 231 miles/hour (corrected). 
T Estimated. 

t For a period of 5 minutes. 

Useful numerical data 

licwbic foot of water at 4° C (weightliuuwt 
1 foot'of water at 4° C (pressure) eee eee 
Velocity of light in vacuum, c_______________ 186,280 mi/sec = 2.998 X 10!° cm/sec 
Velocity of sound in dry aircat20°1C,76 cm. Hg = 
Degree of longitude at equator____+__. 1 
Acceleration due to gravity at sea-level, 40° Latitude, g___________—-32.1578 ft/sec? 
V 29 8.020 
1 inch of mercury at 4° C_____ 32 ft Water = 0.4908 Ib/in? 
Base ‘of natural, logs «eee 
1 radian 180° a3 = 57.3° 
360 degrees 2 a radians 
T. 3.1416 
Sine 1’ 0.00029089 
Arc 1° 0.01745 radian 


Side.of square 0.707 ><) (diag oma 
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Materials and finishes for tropical and marine use 


Corrosion 


Ordinary finishing of equipment fails in meeting satisfactorily conditions en- 
countered in tropical and marine use. Under these conditions corrosive in- 
fluences are greatly aggravated by prevailing higher relative humidities, 
and temperature cycling causes alternate condensation on, and evaporation 
of moisture from, finished surfaces. Useful equipment life under adverse 
atmospheric influences depends largely on proper choice of base materials 
and finishes applied. Especially important in tropical and marine applications 
is avoidance of electrical contact between dissimilar metals. 


Dissimilar metals, widely separated in the galvanic series,* should not be 
bolted, riveted, etc., without separation by insulating material at the facing 
surfaces. The only exception occurs when both surfaces have been coated 
with the same protective metal, e.g., electroplating, hot dipping, galvanizing, 
etc. 


Aluminum, steel, zinc, and cadmium should never be used bare. Electrical 
contact surfaces should be given copper—nickel—chromium or copper— 
nickel finish, and, in addition, they should be silver plated. Variable-capacitor 
plates should be silver plated. 


An additional 0.000015 to 0.000020 electroplating of hard, bright gold over 
the silver will greatly improve resistance to tarnish and oxidation and to 
attack by most chemicals; will lower electrical resistance; and will provide 
long-term solderability. 


Fungus and decay 


The value of fungicidal coatings or treatments is controversial. When 


* The galvanic series is given on p. 42. 


Finish application table} 


material | finish | remarks 


Aluminum alloy Anodizing An electrochemical-oxidation surface treatment, for improving 
corrosion resistance; not an electroplating process. For riveted 
or welded assemblies specify chromic acid anodizing. Do not 
anodize parts with nonaluminum inserts. Colors vary: Yellow- 
green, gray or black. 


“Alrok" Chemical-dip oxide treatment. Cheap. Inferior in abrasion and 
corrosion resistance to the anodizing process, but applicable 
to assemblies of aluminum and nonaluminum materials. 


T By Z. Fox. Reprinted by permission from Product Engineering, vol. 19, p. 161; January, 1948. 
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Materials and finishes for tropical and marine use continued 
a eee 


material | finish | remarks 
ere 


Copper and zinc alloys | Bright acid dip Immersion of parts in acid solution. Clear lacquer applied to 
prevent tarnish. 


eens ee 


As discussed under steel. 


Brass, bronze, zinc die- | Brass, chrome, nickel, 
casting alloys tin 
See See 


Magnesium alloy Dichromate treatment Corrosion-preventive dichromate dip. Yellow color. 


a ee ee ee ay 
Nitric-acid immunizing dip. 
a as ns Se ee a 


Electroplate, dull white color, good corrosion resistance, easily 
scratched, good thread antiseize. Poor wear and galling 
resistance. 


—————————————————— 


Electroplate, excellent corrosion resistance and lustrous ap- 
pearance. Relatively expensive. Specify hard chrome plate for 
exceptionally hard abrasion-resistive surface. Has low coef- 
ficient of friction. Used to some extent on nonferrous metals 
particularly when die-cast. Chrome plated objects usually re- 
ceive a base electroplate of copper, then nickel, followed by 
chromium. Used for build-up of parts that are undersized. 
Do not use on parts with deep recesses. 


—————————————— eee 


Immersion of cleaned and polished steel into heated saltpeter 
or carbonaceous material. Part then rubbed with linseed oil. 
Cheap. Poor corrosion resistance. 


ee 


Electroplate, frosted appearance; buff to brighten. Tarnishes 
readily. Good bearing lining. For electrical contacts, reflectors. 


ee 


Dip in mo!ten zine (galvanizing) or electroplate of low-carbon 
or low-alloy steels. Low cost. Generally inferior to cadmium 
plate. Poor appearance. Poor wear resistance: electroplate 
has better adherence to base metal than hot-dip coating. For 
improving corrosion resistance, zinc-plated parts are given 
special inhibiting treatments. 


—_—_—————————————— 


Electroplate, dull white. Does not protect steel from galvanic 
corrosion. If plat'ng is broken, corrosion of base: metal will be 
hastened. Finishes in dull white, polished, or black. Do not use 
On parts with deep recesses. 


———————— eee 


Nonmetallic chemical black oxidizing treatment for steel, cast 
iron, and wrought iron. Inferior to electroplate. No buildup, 
Suitable for parts with close dimensional requirements as gears, 
worms, and guides. Poor abrasion resistance. 


-_----——————————————————— 


Nonmetallic chemical treatment for steel and iron products. 
Suitable for protection of internal surfaces of hollow parts. 
Small amount of surface buildup. Inferior to metallic electro- 
plate. Poor abrasion resistance. Good paint base. 


——_———————————————— 


Hot dip or electroplate. Excellent corrosion resistance, but if 
broken will not protect steel from galvanic corrosion. Also used 
for copper, brass, and bronze parts that must be soldered 
after plating. Tin-plated parts can be severely worked and 
deformed without rupture of plating. 


————————— 


Electroplate of copper and zinc. Applied to brass and steel 
parts where uniform appearance is desired. Applied to steel 
parts when bonding to rubber is desired. 

a2 hppa Rd Riad haere Le cline es We one 
Electroplate applied preliminary to nickel or chrome plates 
Also for parts to be brazed or protected against carburization 
Tarnishes readily. 


Stainless steel Passivating treatment 


Steel Cadmium 


Chromium 


Blueing 


Silver plate 


Zinc plate 


Nickel plate 


Black oxide dip 


Phosphate treatment 


Tin plate 


ee 


Brass plate 


Copper plate 


978 CHAPTER 32 


Materials and finishes for tropical and marine use continued 
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equipment is to operate under tropical conditions, greater success can be 
achieved by the use of materials that do not provide a nutrient medium for 
fungus and insects. The following types or kinds of materials are examples 
of nonnutrient mediums that are generally considered acceptable. 


Metals 

Glass 

Ceramics (steatite, glass-bonded mica) 
Mica 

Polyamide 

Cellulose acetate 

Rubber (natural or synthetic) 

Plastic materials using glass, mica, or asbestos as a filler 
Polyvinylchloride 
Polytetrafluoroethylene 
Monochlortrifluorethylene 


The following types or kinds of materials should not be used, except where 


such materials are fabricated into completed parts and it has been de- 
termined that their use is acceptable to the customer concerned. 


Linen 

Cellulose nitrate 
Regenerated cellulose 
Wood 

Jute 

Leather 

Cork 

Paper and cardboard 
Organic fiberboard 
Hair or wool felts 


Plastic materials using cotton, linen or wood flour as a filler 


Wood should not be used as an electrical insulator and the use of wood 
for other purposes should be restricted to those parts for which a superior 
substitute is not known. When used, it should be pressure-treated and 
impregnated to resist moisture, insects, and decay with a water-borne 
preservative (as specified in Federal Specification TT-W-571), and should 
also be treated with a suitable fire-retardant chemical. 
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Principal low-voltage power supplies in foreign countries* 
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territory | dc volts | ac volts | frequency 
—————— ou NCY 
NORTH AMERICA 
Alaska — 110, 220 60 
Bermuda — 110, 220 60 
British Honduras 110, 220 = — 
Canada — 110, 115, 120, 220, 230 60, 25 
Costa Rica — 110, 220 60 
El Salvador 110 110, 220 60 
Guatemala 220 110, 220 60, 50 
Honduras 120, 220 110, 220 60 
Mexico — 110, 115, 120, 125, 220 60, 50 
Nicaragua 110, 125 110, 220 60 
Panama (Republic) = 110, 220 60, 50 
Panama (Canal Zone) —= 115 25, 60 
WEST INDIES 
Antigua 220 — oo 
Aruba — 115, 220 60 
Bahamas — 110, 115, 120, 220 60 
Barbados —_ 110 50 
Cuba —— 110, 115, 220 60 
Curacao os 115, 125, 220 50 
Dominican Republic — 110, 120, 220, 240 60 
Guadeloupe — 110 50 
Jamaica — 110, 220 40, 60 
Martiniave — 110, 220 50 
Puerto Rico — 115, 230 60 
Trinidad — 110, 230 60 
Virgin Islands — 115, 230 60 


SOUTH AMERICA 


Argentina 220 220, 225 25, 50, 60 
Bolivia 110, 220 110, 220, 230, 240 50, 60 
Brazil 220 110, 120, 127, 220 50, 60 
British Guiana — 110, 115, 230 50, 60 
Chile 220 110, 220 50, 60 
Colombia — 110, 115, 150, 220, 230, 260 50, 60 
Ecuador == 110, 220 60 
French Guiana — 110 50 
Paraguay 220 220 50 
Peru 220 110, 220, 240 50, 60 
Surinam (Neth. Guiana) = 125, 220 50, 60 
Uruguay —_— 220 50 
Venezuela = 110, 120, 220 50, 60 
EUROPE 

Albania peri 125, 220, 230 50 
Austria 110 | 110, 120, 220 50 
Azores 220 110, 220 50, 60 
Balearic Islands mm 110, 125, 220 50 
Belgium 110, 220 110, 115, 127, 130, 190, 220 50 
Bulgaria a 150, 220 50 
Canary Islands = 110, 115, 190, 220 50 
Cape Verde Islands 220, 230, 240 ae — 
Corsica = 120, 127, 200, 220 50 
Crete 220 127, 220 50 
Czechoclovakia ee 110, 200, 220 50 
Denmark 110, 220, 240 220 50 
Dodecanese Islands 110 127, 220 50 
Estonia 110, 220 200, 220 50 


* See footnotes on page 931. 
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Principal low-voltage power supplies in foreign countries* continued 
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territory 


EUROPE—continued 


Finland 

France 
Germany 
Gibraltar 
Greece 
Hungary 
Iceland 

lonian Islands 
Ireland (Republic of) 
Italy 

Latvia 

Lithuania 
Luxembourg 
Madeira Islands 
Malta 

Monaco 
Netherlands 
Norway 
Poland 
Portugal 
Rumania 

Spain 

Sweden 
Switzerland 
Trieste 

Turkey 

United Kingdom 
U.S.S.R. (Russia) 
Yugoslavia 


Afghanistan 
Bahrein 
Burma 
Cambodia 
Ceylon 
China 
Cyprus 
Formosa (Taiwan) 
Hong Keng 
India 
Indonesia 


Lebanon 


Philippines 
Sarawak 
Saudi Arabia 
Singapore 
Syria 
Thailand 


de volts 


110, 127 
110, 220 
110, 240 
440 
220 


220 
110, 220 
110, 220 


220 


110, 120, 220 


220 


110, 130, 150, 220, 260 


127, 220 
160, 220 


200, 220, 230, 240 
110, 220 


220, 230 


110 
220 


110, 220 


ac volts 


110, 127, 220, 230 
110, 115, 120, 190, 200, 220 
110, 120, 127, 220 

110, 240 

127, 220 

105, 110, 120, 220 

220 

127, 220 

200, 220, 250 

127, 150, 160, 220, 260, 280 
220 

220 

110, 220 

220 

100, 220 

110 

120, 127, 150, 208, 220, 260 
130, 150, 220, 230 

110, 220 

110, 190, 220 

110, 150, 208, 220 

110, 127, 220 

110, 127, 220 

110, 125, 190, 220, 250 
100, 120, 220 

110, 190, 220 

200, 230, 240, 250 

110, 120, 127, 220 

220 


230 

115, 200, 220, 230 
230 

220 

110, 190, 220 
220, 230, 240 
110, 135, 190, 220, 230 
110, 220 

110 

200 

220, 230 

127, 220 

110, 220 

200, 220, 230 

220 

100, 110, 200, 220 
220 

100, 110, 200, 220 
220, 240 

115 

110, 190, 220 


110, 220 
220 

110, 190 
110, 220 


| frequency 


50 
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Principal low-voltage power supplies in foreign countries* continued 
a 


ferritory | dc volts | ac volts | frequency 
ASl|A—continued 
Vietnam == 115, 120, 208, 210 50 
Yemen — 127, 220 50 
AFRICA «© 
Algeria — 110, 127, 220 50 
Angola — 220 50 
Belgian Congo 220 220 50 
Dahomey 220 230 50 
Egypt 220 110, 200, 220 40, 42, 50 
Ethiopia — 110, 127, 220 50 
French Guinea = 115, 230 50 
Gold Coast 220 230 50 
lvory Coast 220 230 50 
Kenya = 220, 240 50 
Liberia — 110, 200, 220 50, 60 
Libya — 125, 130, 220 50 
Madagascar = 110, 115, 120, 200, 208, 220 50 
Mauritania —_ 115, 200 50 
Mauritius = 230 50 
Morocco (French) — 110, 115, 127, 220 50 
Morocco (Spanish) — 127, 220 50 
Mozambique 240 220 50 
Niger — 230 50 
Nigeria == 230 50 
Northern Rhodesia = 220, 230 50 
Nyasaland = 230 50 
Senegal == 115, 127, 200, 220 50 
Sierra Leone = 230 50 
Somaliland (British) 110 ss — 
Somaliland (French) 220 —_ a 
Southern Rhodesia ag 220, 230 50 
Sudan (French) — 115, 200 50 
Tanganyika 230 220, 230, 240 50 
Tangier — 110, 220 50 
Tunisia = 110, 127, 190, 220 50 
Uganda = 240 50 
Union of South Africa 220, 230 120, 200, 220, 240, 250 50 
Upper Volta = 230 50 
OCEANIA 
Australia 220, 240 110, 230, 240, 250 40, 50 
Fiji Islands 240 240 50 
Hawaii — 110, 120, 208, 240 60 
New Caledonia — 110, 120 50 
New Guinea (British) — 110, 220, 240 50 
New Zealand 230 220, 230 50 
Samoa — 110, 220 50 
Society Islands — 110 60 


* From “Electric Current Abroad" issued by the U. S. Department of Commerce, April 1954. 


Bold numbers indicate the predominate voltages and types of supply where different kinds of 
supply exist. 


Caution: The listings in these tables represent electrical supplies most generally used in each 
country. For power supply characteristics of particular cities, refer to the preceding reference, 
which may be obtained at nominal cost from the Superintendent of Documents, U. S. Govern- 
ment Printing Office, Washington 25, D. C. 
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Electric-moftor data 


Wiring and fusing data* 


minimum conduit |! minimum conduit 
size wire | internal diam is size wire | internal diam 
AWG in inchest abeotet. AWG in inchest monk 
hp | current running | current running 


typet|typet|typet| fuse rating | typet|typet|typet|ftypeft| fuse 


of rating | typet 


motor| amperes| RorT| RH |RorT| RH | amperes| amperes| RorT| RH |RorT| RH _ | amperes 
single phase—115 volts single phase—230 volts 
12 7.4 14 14 Yo Ya 10 3.7 14 14 Yo Yr 6 
Ys 10.2 14 14 V2 V2 15 §.1 14 14 Yr Ya 8 
| 13 12 12 Y2 Yo 20 6.5 14 14 Y2 Ya 10 
7) 18.4 10 10 i, Sy 25 9.2 14 14 Yo Yp 12 
2 24 10 10 % Ys 30 12 14 14 Ya V2 15 
3 34 6 8 1 ~ 45 17 10 10 % % 25 
§ 56 4 4 1% 1% 70 28 8 8 %, Ys, 35 
7V2 80 1 3 12 1% 100 40 6 6 1 1 50 
10 100 1/0 1 lV VA) 125 50 4 6 1% 1 60 
3-phase induction—220 volts 3-phase induction—440 volts 
V2 2 14 14 Ya Yn 3 1 14 14 Y2 Ya 2 
% 2.8 14 14 Ya Y 4 1.4 14 14 Yo Y2 2 
1 35 14 14 Y2 Ya 4 1.8 14 14 Vo Ya 3 
1% IS 14 14 Ya Ya 8 2.5 14 14 Y2 Y, 4 
2 6.5 14 14 Ya Ya 8 3.3 14 14 Ya Y2 4 
3 9 14 14 Ya Yn 12 4.5 14 14 Ya Ya 6 
§ 15 12 12 Ya Ya 20 7.5 14 14 Yo YW) 10 
7a 22 10 10 Y, i, 30 YW 14 14 Y2 Ya 15 
10 27 8 8 % % 35 14 12 12 Yn Vp 20 
direct current—115 volts direct current==230 volts 
Ya 4.6 14 14 % VY, 6 2.3 14 14 Y, Ya 3 
~, 6.6 14 14 Ya Y, 10 3.3 14 14 Y2 Yn 4 
1 8.6 14 14 Ya Yn 12 4.3 14 14 Y2 Ya 6 
1” 12.6 12 12 Va Ya 15 6.3 14 14 Y, Ya 8 
2 16.4 10 10 VY, Y, 20 8.2 14 14 Y2 Y2 12 
3 24 10 10 yY, i | 30 12 14 14 Y2 Ya 15 
5 40 6 6 1 1 50 20 10 10 Ys % 25 
7V2 58 3 4 1% 1% 70 29 8 8 ~, VY, 40 
10 76 2 3 1% 1% 100 38 6 6 1 1 50 


* Reprinted by permission from General Electric Supply Corp. Catalog; 94WP. Adopted | 
from 1947 National Electrical Code. 


+ Conduit size based on three conductors in one conduit for 3-phase alternating-current 
motors, and on two conductors in one conduit for direct-current and single-phase motors. 


t Cable types: 
R = tinned-copper conductor, natural- or synthetic-rubber insulation, 1 or 2 nonmetallic braids 
RH = type R with special heat-resistant insulation | 


T = untinned-copper conductor, polyvinyl insulation, no jacket or braid 
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Electric-motor data continued 
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Torque and horsepower 


Torque varies directly with power and inversely with rotating speed of the 
shaft, or 


T = KP/N 

where 

T = torque in inch—-pounds 
= horsepower 


revolutions/minute 
= 63,000 (constant) 


P 
N 
K 


Transmission-line sag calculations* 
SS A AEP STE SL ESRB PT ESTES EL 


For transmission-line work, with towers on the same or slightly different 
levels, the cables are assumed to take the form of a parabola, instead of 
their actual form of a catenary. The error is negligible and the computations 
are much simplified. In calculating sags, the changes in cables due to varia- 
tions in loads and temperature must be considered. 


Supports at same elevations 


For supports at same level: The formulas used in the calculations of sags 
are 


H = WL?/8S 
S = WL?/8H = [(L, — L) 3L/8]” 
L, = L + 8S?/3L 


* Reprinted by permission from "Transmission Towers,” American Bridge Company, Pittsburgh, 
Pa.; 1923: p. 70. 


Q34 CHAPTER 32 


Transmission-line sag calculations continued 
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where 
L = length of span in feet 
L, = length of cable in feet 
S = sag of cable at center of span in feet 
H = tension in cable at center of span in pounds 


= horizontal component af the tension at any point 
W = weight of cable in pounds per lineal foot 


Where cables are subject to wind and ice loads, W = the algebraic sum 
of the loads. That is, for ice on cables, W = weight of cables plus weight 
of ice; and for wind on bare or ice-covered cables, W = the square root 
of the sum of the squares of the vertical and horizontal loads. 


For any intermediate point at a distance x from the center of the span, 
the sag is 


S, = SU — 4x2/L%) 


For supports at different levels 


| Whi cosa. WL? 


Seats eee ae 
: 8T 8T cosa 
WL? 
5 = 
bey gH 
2 
ee WLe 
8H 


Ly L hH cosa 


2.er2 WL 
aie hH cosa 
BIG tO shoneyyE 
4/Si So? 
ke = L ES eae CSRS 
eee 
where 


W = weight of cable in pounds per lineal foot between supports or in 
direction of Lo 
T = tension in cable direction parallel with line between supports 
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The change / in length of cable L, for varying temperature is found by multi- 
plying the number of degrees n by the length of the cable in feet times the 
coefficient of linear expansion per foot per degree fahrenheit c. This is* 


= rn XC 


A short approximate method for determining sags under varying tempera- 
tures and loadings that is close enough for all Ordinary line work is as follows: 


Supports at different elevations. 


a. Determine sag of cable with maximum stress under maximum load at 
lowest temperature occurring at the time of maximum load, and find length 
of cable with this sag. 


b. Find length of cable at the temperature for which the sag is required. 


c. Assume a certain reduced tension in the cable at the temperature and 
under the loading combination for which the sag is required; then find the 
decrease in length of the cable due to the decrease of the stress from its 
maximum. 


d. Combine the algebraic sum of (b) and (cd) with (a) to get the length of 
the cable under the desired conditions, and from this length the sag and 
tension can be determined. 


e. If this tension agrees with that assumed in (c), the sag in (d) is correct. 
If it does not agree, another assumption of tension in (c) must be made 
and the process repeated until (c) and (d) agree. 


* Temperature coefficient of linear expansion is given on pp. 56-57. 
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Structural standards for steel radio towers * 


Material 


a. Structural steel shall conform to American Society for Testing Materials — 
‘Standard Specifications for Steel for Bridges and Buildings,” Serial Desig- 
nation A-7, as amended to date. 


b. Steel pipe shall conform to American Society for Testing Materials 
standard specifications either for electric-resistance welded steel pipe, 
Grade A or Grade B, Serial Designation A-135, or for welded and seamless 
steel pipe, Grade A or Grade B, Serial Designation A-53, each as amended 
to date. 


Loading 


a. 20-Pound design: Structures up to 600 feet in height except if to be 
located within city limits shall be designed for a horizontal wind pressure 
of 20 pounds/foot? on flat surfaces and 13.3 pounds/foot? on cylindrical 
surfaces. 


b. 30-pound design: Structures more than 600 feet in height and those of 
any height to be located within city limits shall be designed for a horizontal 
wind pressure of 30 pounds/foot? on flat surfaces and 20 pounds/foot? on 
cylindrical surfaces. 


c. Other designs: Certain structures may be designed to resist loads 
greater than those described in paragraphs a and b just above. Fig. | of 
American Standard A58.1-1955 shows sections of the United States where 
greater wind pressures may occur. In all such cases, the pressure on cylin- 
drical surfaces shall be computed as being 2/3 of that specified for flat 
surfaces. 


d. For open-face (latticed) structures of square cross section, the wind 
pressure normal to one face shall be applied to 2.20 times the normal 
projected area of all members in one face, or 2.40 times the normal pro- 
jected area of one face for wind applied to one corner. For open-faced 
(latticed) structures of triangular cross section, the wind pressure normal to 
one face shall be applied to 2.00 times the normal projected area of all 
members in one face, or 1.50 times the normal projected area for wind 
parallel to one face. For closed-face (solid) structures, the wind pressure 
* Abstracted from “American Standard Minimum Design Loads in Buildings and Other Structures, 
A58.1-1955," American Standards Association; 70 East 45th Street; New York 17, N. Y.: $1.50 
per copy. Also from Radio-Electronics-Television Manufacturers Association Standard TR-116; 
October, 1949. Sections on manufacture and workmanship, finish, and plans and marking of the 


standard are not reproduced here. The section on “Wind velocities and pressures” is not 
part of the standard. 
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shall be applied to 1.00 times the normal projected area for square or 
rectangular shape, 0.80 for hexagonal or octagonal shape, or 0.60 for 
round or elliptical shape. 


e. Provisions shall be made for all supplementary loadings caused by the 
attachment of guys, antennas, transmission and power lines, ladders, etc. 
The pressure shall be as described for the respective designs and shall be 
applied to the projected area of the construction. 


f. The total load specified above shall be applied to the structure in the 
directions that will cause the maximum stress in the various members. 


g. The dead weight of the structure and all material attached thereto, shall 
be included. 


Unit stresses 


a. All parts of the structure shall be so designed that the unit stresses 
resulting from the specified loads shall not exceed the following values in 
pounds/inch? 


Axial tension on net section = 20,000 pounds/inch? 
Axial compression on gross section: 

For members with value of L/R not greater than 120, 
= 17,000 — 0.485 L?/R? pounds/inch? 

For members with value of L/R greater than 120, 


18,000 a 
BEA CKO os + 2/18,000 R pounds/inch 


where 


L = unbraced length of the member 
R = corresponding radius of gyration, both in inches. 


Maximum L/R for main leg members = 140 

Maximum L/R for other compression members with calculated stress = 200 
Maximum L/R for members with no calculated stress = 250 

Bending on extreme fibre = 20,000 pounds/inch? 

Single shear on bolts = 13,500 pounds/inch? 

Double shear on bolts = 27,000 pounds/inch? 
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Structural standards for steel radio towers continued 
(ELD SSE STE TSS ET SR CTS EY BE SRT ER ET SACI, 


Bearing on bolts (single shear) = 30,000 pounds/inch? 
Bearing on bolts (double shear) = 30,000 pounds/inch? 


Tension on bolts and other threaded parts, On nominal area at root of 
thread = 16,000 pounds/inch? 


Members subject to both axial and bending stresses shall be so designed 
that the calculated unit axial stress divided by the allowable unit axial stress, 
plus the calculated unit bending stress, divided by the allowable unit bending 
stress, shall not exceed unity. 


b. Minimum thickness of material for structural members: 
Painted structural angles and plates = 3/16 inch 

Hot-dip galvanized structural angles and plates = 1/8 inch 
Other structural members to mill minimum for standard shapes. 


c. Where materials of higher quality than specified under “Material” above 
are used, the above unit stresses may be modified. The modified unit stresses 
must provide the same factor of safety based on the yield point of the 
materials. 


Foundations 


a. Standard foundations shall be designed for a soil pressure not to exceed 
4000 pounds/foot? under the specified loading. In uplift, the foundations 
shall be designed to resist ]00-percent more than the specified loading 
assuming that the base of the pier will engage the frustum of an inverted 
pyramid of earth whose sides form an angle of 30 degrees with the vertical. 
Earth shall be considered to weigh 100 pounds/foot® and concrete 140 
pounds/foot?. 


b. Foundation plans shall ordinarily show standard foundations as defined 
in paragraph a just above. Where the actual soil conditions are not normal, 
requiring some modification in the standard design and complete soil 
information is provided to the manufacturer by the purchaser, the foundation 
plan shall show the required design. 


¢. Under conditions requiring special engineering such as pile construction, 
root installations, etc., the manufacturer shall provide the necessary informa- 
tion so that proper foundations can be designed by the purchaser's engineer 
or architect. 


d. In the design of guy anchors subject to submersion, the upward pressure 
of the water should be taken into account. 
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Wind velocities and pressures 


indicated velocity V; in miles/hour pressure P in pounds/foot? 
cylindrical 
actual surfaces 
velocity V, 3-cup 4-cup projected areas* flat surfaces 
in miles/hour anemomeier anemomefter P = 0.0025 V2, | P = 0.0042 V2, 
EN A lect ERD Me data A aA TD hated. 19 

10 9 10 0.25 0.42 
20 20 23 1.0 7 

30 3] 36 2.3 3.8 

40 42 50 4.0 6.7 

50 54 64 6.3 10.5 

60 65 Te. 9.0 15.1 

70 76 9] 12.3 20.6 

80 88 105 16.0 26.8 

90 99 119 20.3 34.0 
100 110 132 25.0 42.0 
110 12] 146 30.3 50.8 
120 133 160 36.0 60.5 
130 144 173 42.3 71.0 
140 155 187 49.0 82.3 
150 167 201 56.3 94.5 


* Although wind velocities are measured with cup anemometers, all data published by the 
U. S. Weather Bureau since January 1932 includes instrumental corrections and are actual 
velocities. Prior to 1932 indicated velocities were published. 


In calculating pressures on structures, the “fastest single mile velocities” published by the 
Weather Bureau should be multiplied by a gust factor of 1.3 to obtain the maximum instantaneous 
actual velocities. See p. 924 for fastest single mile records at various places in the United 
States and Canada. 


The American Bridge Company formulas given here are based ona ratio of 25/42 for pressures 
on cylindrical and flat surfaces, respectively, while the Radio-Electronics-Television Manu- 
facturers Association specifies a ratio of 2/3. The actual ratio varies in a complex manner 
with Reynolds number, shape, and size of the exposed object. 


Vibration and shock isolation 


Symbols 
b = damping factor 
d = static deflection in inches 
E = relative transmissibility 
= (force transmitted by isolators) / (force transmitted by rigid mountings) 


F = force in pounds 


940) CHAPTER 32 


Vibration and shock isolation continued 


hou 


f 


peak force in pounds 


frequency in cycles per second (cps) 


fo = resonant frequency of system in cycles per second 
G = acceleration of gravity 
386 inches per second? 
g = peak acceleration in dimensionless gravitational units 
iG 
q (—1)%, vector operator 
k = stiffness constant; force required to compress or extend isolators 
unit distance in pounds per inch 
r = coefficient of viscous damping in pounds per inch per second 
t = time in seconds 
W = weight in pounds 
x = displacement from equilibrium position in inches 
X9 = peak displacement in inches 
x = velocity in inches per second 
dx/dt 
Ye = peak velocity in inches per second 
x = acceleration in inches per second? 
d?x/dt? 
Xi = peak acceleration in inches per second? 
phase angle in radians 
angular velocity in radians per second 
2Qxf 
Equations 


The following relations apply to simple harmonic motion in systems with one 
degree of freedom. Although actual vibration is usually more complex, the 
equations provide useful approximations for practical purposes. 
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Vibration and shock isolation continued 
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F = Wix/G) (1) 

Fo = Wg | (2) 
x = Xosin (wt + ¢) (3) 

Xo = 9.77g/P (4) 
Xo = wXo = 6.281X) = 61.4g/f (5) 
Xo = w°Xp = 39.5fX, = 386g (6) 

r — jlk/o) 

~ FFF leWw/e) — k/a] $ 

fo = 3.13(k/W)% (8) 
b = 9.77r/ (kW) (9) 


For critical damping, b = 1. 


Neglecting dissipation(b = 0), or at f/fo = (2) for any degree of damping, 


E= aE (10) 
When damping is neglected, 

k= W/d (11) 
fy = 3.13/d% (12) 
E = 9.77/\df — 9.77) (13) 
Acceleration 


The intensity of vibratory forces is often defined in terms of g values. 
From (2), it is apparent, for example, that a peak acceleration of 10g ona 
body will result in a reactionary force by the body equal to 10 times its 
weight. 


When an object is mounted on vibration isolators, the accelerations of the 
vehicle are transmitted to the object (or vice versa) in an amplitude and 
phase that depends on the elastic flexing of the isolators in the directions 
in which the accelerations (dynamic forces) are applied. 
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Vibration and shock isolation continued 


Magnitudes 


The relations between Xo, Xe er and f are shown in Fig. 1. Any two of these 
parameters applied to the graph locates the other two. For example, suppose 
f = 10 cycles per second and peak displacement Xo = 1 inch. From Fig. 1, 


peak velocity Xo = 63 inches per second and peak acceleration Xp = 10g. 


peck displacement amplitude X, in inches 


peak velocity X_ in inches per second 


peck acceleration X, /G in g units 


AN 


Fig. 1—Relation of frequency and peak values of velocity, displacement, and acceleration. 


0.01 


| 
frequency f in cycles per second 
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Vibration and shock isolation continued 
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Natural frequency 


Neglecting damping, the natural frequency fo of vibration of an isolated 
system in the vertical direction can be calculated from (12) from the static 
deflection of the mounts. For example, suppose an object at rest causes a 
0.25-inch deflection of its supporting springs. Then, 


fy = 3.13/(0.25)2 = 6.3 cycles per second 


Resonance 


In Fig. 2, E is plotted against f/fo for various damping factors. Note that 
resonance occurs when fy ~ f and that the vibratory forces are then 
increased by the isolators. To reduce vibration, fo must be less than 0.7f 
and it should be as small as 0.3f for good isolation. 
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frequency ratio = f/f, 


Fig. 2—Relative transmissability E as a function of the frequency ratio f/f) for various 


amounts of damping b. By permission from ‘Vibration Analysis," by N. O. Myklestad. Copyright 1944, 
McGraw-Hill Book Company, Inc. 
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Vibration and shock isolation continued 


It is not possible to secure good isolation at all 
vibrational frequencies in vehicles and similar 
environments where several different and 
varying exciting frequencies are present and 
where the isolators may have to withstand 
shock as well as vibration. In such cases, fo is 
often selected as about 1.5 to 2 times the 
predominant f. Vibration in typical vehicles is 
shown in Fig. 3. 


Although all supporting structures have com- 
pliance and may reduce the effects of vibration 
and shock, the apparent stiffness of many 
‘rigid’ mountings is merely a matter of degree, 
and in conjunction with the supported mass, 
they can also give rise to resonance effects, 
thus magnifying the amplitude of certain 
vibrations. 


Damping 


Damping is desirable in order to reduce 
vibration amplitude during such times as the 
exciting frequency is in the vicinity of fo. This 
will occur occasionally in most installations. 
Any isolator that absorbs energy provides 
damping. 


It is seldom practical to introduce damping as 
an independent variable in the design of 
vibration isolators for relatively small objects. 
The usual practice is to rely on the inherent 
damping characteristics of the rubber or other 
elastic material employed in the mounting. 
Damping achieved in this way seldom exceeds 
5 percent of the amount needed to produce a 
critically damped system. In vibration isolators 
for large objects, such as variable-speed 
engines, the system often can be designed to 
produce nearly critical damping by employing 
fluid dash pots or similar devices. 


Fig. 3—Vibration in typical vehicles. 


approxi- 


range of 
frequencies | mate peak 


usual choice of 
isolator resonant frequency 


amplitude 
in inches 


in cycles 
per second 


nature of excitation 


vehicle 


25 to 30 cycles/second. Most vibrations are 


Engine vibration in diesel or reciprocating steam drive 


0.02 


Osto-F5 


Ships 


amplified to some extent. A maximum amplifica- 


tion of 3 is usually acceptable. 


Propeller-blade frequency = (propeller rpm) X (number of 


blades) /60 


0.01 


0 to 20 
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Vibration and shock isolation continued 


Practical application 


Vibration can be accurately precalculated only for the simplest systems. In 
other cases the actual vibration should be measured on experimental 
assemblies using electrical vibration pickups. Complex vibration is often 
described by a plot of the g values against frequency. These plots usually 
show several frequencies at which the largest accelerations are present. 
The patterns will vary from place to place in a complicated structure and 
will also depend on the direction in which the acceleration is measured. 


After measuring and plotting vibration in this way, attention can be devoted 
to reduction of the predominant components using the equations and prin- 
ciples given above as guides in selecting the size, stiffness, damping charac- 
teristics, and location of isolators. 


Shock 


In many practical situations, vibration and shock occur simultaneously. The 
design of isolators for vibration should anticipate the effects of shock and 
vice versa. 


When heavy shock is applied to a system using vibration isolators, there is 
ysually a definite deflection at which the isolators snub or at which their 
stiffness suddenly becomes much greater. These actions may amplify the 
shock forces. To reduce this effect, it is generally desirable to use isolators 
that have smoothly increasing stiffness with increasing deflection. 


Shock protection is improved by isolators that permit large deflections in 
all directions before the protected equipment is snubbed or strikes neighbor- 
ing apparatus. The amplitude of vibration resulting from shock can be 
reduced by employing isolators that absorb energy and thus damp oscillatory 
movement. 


Probabilities of damage to the apparatus itself from impact shock can be 
minimized by: 


a. Making the weight of equipment components as small as possible and 
the strength of structural members as great as possible. 


b. Distributing rather than concentrating the weights of equipment com- 
ponents and avoiding rigid connections between components. 
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¢. Employing structural members that have high ratios of stiffness to weight, 
such as tubes, I beams, etc. 


d. Avoiding, so far as practical, stress concentrations at joints, supports, 
discontinuities, etc. 


e. Using materials such as steel that yield rather than rupture under high 
stress. 


Graphical symbols 


American Standard Graphical Symbols for Electrical Diagrams Y32.2-1954* 
covers both the communication and power fields. Excerpts of primary 
interest to communications workers will be found on the following pages. 


Diagram types 


Block diagrams consist of simple rectangles and circles with names or other 
designations within or adjacent to them to show the general arrangement 
of apparatus to perform desired functions. The direction of power or signal 
flow is often indicated by arrows near the connecting lines or arrowheads 
on the lines. 


Schematic diagrams show all major components and their interconnections. 
Single-line diagrams, as indicated by that name, use single lines to inter- 
connect components even though two or more conductors are actually 
required. It is a shorthand form of schematic diagram. It is always used for 
waveguide diagrams. 


Wiring diagrams are complete in that all conductors are shown and alll 
terminal identifications are included. The contact numbers on electron-tube 
sockets, colors of transformer leads, rotors of variable capacitors, and 
other terminal markings are shown so that a workman having no knowledge 
of the operation of the equipment can wire it properly. 


Orientation 


Graphical symbols are no longer considered as being coarse pictures of 
specific pieces of equipment but are true symbols. Consequently, they may 
be rotated to any orientation with respect to each other without changing 
their meanings. Ground, chassis, and antenna symbols, for instance, may 
“point” in any direction that is convenient for drafting purposes. 


*American Standards Association, 70 East 45th Street, New York 17, N. Y.; $1.25 per copy. 
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Graphical symbols 


Amplifier 
direction of 
ama =o transmission 
Antenna Attenuator 
Battery 
+),- single cell, 
“e generalized 
dc source 
+11.— + ~ 
“iF tapas 
multicell with taps 


(these symbols are for 
any number of cells) 


Capacitor 


=O GAP 


fixed single butterfly 
adjustable (variable) 


Chassis Connection, 
mechanical 
Connector 
male female engaged 
pre. {|e 
tee 
plug jack 


2-conductor 
edie 
pend rey 
plug jack 


3-conductor 


engaged coaxial connectors 


Fuse 


VU- tt 


continued 


Power-supply (appliance) Receiver 
connectors 
general headset 
female male 
nonpolarized ys 
2 conductor Rectifier 


SS pits 2 


female male metallic 
polarized i 
3 conductor bridge 
Repeater 


Handset 


5 AS 


general 4 conductor 2-way telephone 


inductors = Transformers 


ape gr sis 


“Sone 
fixed inductance coupling 


if se chacht he 


FS srieie 7 Resistor 
dc Some $ ee : g 
if fixed 2-terminal 3-terminal 
core 4 ae Sos. adjustable (variable) 
aor Rotary machines 
aectpeel ts O ® & 
Microphone Loudspeaker | 98S generator =— motor 
Dns synchro control 
transformer, 
receiver, or 
Meter transmitter 


% Replace with letter 
designating type: 
A-ammeter, 

V- voltmeter, 
I- general indicator, 
et cetera. 


differential 
receiver or 
transmitter 


Graphical symbols 


Shield 


_--—--—— ° 


Terminal 


Oscillator 


Switches 


Hal 7 Goes 


generalized 
ac source 


ply, Cle 


EC 
2-circuit push button 
showing fulcrum 


wi 


an 


a 


wafer 


Thermistor Thermocouple 


| 


Transmission path 


if spoce 
guided requires 
aU 
air or space 
OIEL conductors 
dielectric dots indicate 
other than air connections 


continued 


Vacuum (electron) tubes 


Cathodes 
aS or i T 
filament cold photo 
ee 
indirectly 
heated cer 
gas-filled ignitor 
envelope for pool 
deflecting 
electrode 
excitor 
for pool 
anode 
grid 
Z» 


cathode-ray tube 


Waveguide and 
coaxial components 


Waveguides 


 -O- + 


rectangular circular ridged 


Coaxial Couplings 
line 
: ) oop 
——® probe 


Terminations 


— 3 + 


open- short- movable 
Circuit  circult 
Transducer 


-ple- 


aperture 
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Discontinuities having 
properties of inscribed 
symbols (examples) 


EVAN 


series elements 


UNVEN 


shunt elements 


Hybrid junctions 


+. ahve. 


Directional coupler 


I @ 3040 


H-plane aperture coupling 
of 30-decibel loss. Arrows 
indicate direction of power 
flow 


Coupling means 


O (#9 VW 


loop resistance probe 


Resonator Mode suppressor 


(3d 


£4. 


Rectangular waveguide E-plane 
Ooperture coupled to mode- 
Suppressed resonator that 

is loop coupled to cooxéal 
line. Direct-current connec- 
tion between waveguide and 
coaxial line. 
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Graphical symbols continued 


Detached elements 


Switches and relays often have many sets of contacts and these may be 
separated and placed in the parts of the drawing to which they apply. 
Each separated element should be suitably identified. The winding of a 
relay may be labelled K2/4 to indicate that relay K2 has 4 sets of contacts 
separated from the winding symbol. Each separated set of contacts will 
then be designated K2-] through K2-4 to permit individual identification. 


Terminals 


The terminal symbol need not be used unless it is needed. Thus, it may be 
omitted from relay and switch symbols. In particular, the terminal symbol 
often shown at the end of the movable element of a relay or switch should 
not be considered as the fulcrum or bearing but only as a terminal. 


Associated or future equipment 


Associated equipment, such as for measurement purposes, or additions that 
may be made later, are identified as such by using broken lines for both 
symbols and connections. 


Radio-signal reporting codes * 


The Comité Consultatif International Radio (CCIR) recommends that the 
SINPO and SINPFEMO codes be used instead of the older Q, FRAME, 
RAFISBENQO, and RISAFMONE codes. 


A signal report consists of the code word SINPO or SINPFEMO followed 


by a 5- or 8-figure group respectively rating the 5 or 8 characteristics of 
the signal code. 


The letter X is used instead of a numeral for characteristics not rated. 


Although the code word SINPFEMO is intended for telephony, either code 
word may be used for telegraphy or telephony. 


The over-all rating for telegraphy is interpreted as follows: 


* From Recommendation number 141 of the Comité Consultatif International Radio, London, 1953, 
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Radio-signal reporting codes continued 
SSR SE TO A | PEL OER SE BS ER TE EIS, 


symbol | mechanized operation | Morse operation 
5 Excellent 4-channel time-division multiplex High-speed Morse 
eee Good 2-channel time-division multiplex 100 words/minute Morse 
Agu! Fair Marginal. Single start-stop printer 50 words/minute Morse 
hy Poor Equivalent to 25 words/minute Morse 25 words/minute Morse 
aie Unusable Possible breaks and repeats; call letters | Possible breaks and repeats; 
distinguishable call letters distinguishable 


The over-all rating for telephony is interpreted as follows: 


symbol | operating condition | quality 
5 Excellent Signal quality unaffected 
hie Poe Commercial 
4 Good Signal quality slightly affected 
3 Fair Signal quality seriously affected. Channel 


usable by operators or by experienced | Marginally commercial 
subscribers 


2 Poor Channel just usable by operators 


——_——. Not commercial 
] Unusable Channel unusable by operators 


Sinpo signal-reporting code 


s I | N | P fe) 
degrading effect of 
rating signal over-all 
scale strength interference noise propagation readability 
(QRM) (QRN) disturbance (QRK) 

§ Excellent Nil Nil Nil Excellent 

4 Good Slight Slight Slight Good 

3 Fair Moderate Moderate Moderate Fair 

2 Poor Severe Severe Severe Poor 


= === ae ay | ea aa | SSS Ga enetieteeseeecicmenn! (Geeomntnmeme ore! eee eee eee 


] Barely audible | Extreme Extreme Extreme Unusable 
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Patent coverage of inventions 


A patent in the United States confers the right to the inventor for a period 
of 17 years to exclude all others from using his claimed invention. After 
the 17-year period the patented invention normally passes into the public 
domain and may be practiced by others thereafter without permission of 
the patentee. The issuance of a patent does not confer to the patentee 
the right to manufacture his invention, since an earlier unexpired patent 
may have claims dominating the later invention. 


Besides the 17-year patent for invention, there are design patents for 
shorter periods that cover the outward artistic configuration of an article 
of manufacture and patents for new plants. The following material applies 
generally to patents for inventions and not to design patents nor to patents 
for horticultural plants. 


What is patentable 


A patent can be obtained on any new and useful process, machine, manu- 
facture, or composition of matter, or any new and useful improvement 
thereof. The invention must not be obvious to one ordinarily skilled in the 
art to which the invention relates. 


In his patent application the inventor must make the disclosure of his invention 
sufficiently clear and complete to enable one skilled in the art to build and 
practice the invention. 


Recognizing inventions 


If the improvement or other development is new to the originator and 
appears either basic or commercially feasible, he should submit a disclosure 
to his patent attorney for advice. This should include disclosures of new 
products in the mechanical, chemical, and electrical fields; of new com- 
binations of new and/or old elements that produce a new result, or an old 
result but with fewer elements; and, in fact, any new improvement in these 
fields that appears to present a commercial advantage in either cost, 
durability, or operation. The question of whether the disclosure is a sufficient 
advancement to be the basis of patent claims depends on a novelty in- 
vestigation and appraisal by a patent attorney. 


Who may be an inventor 


The inventor is the person who originates the idea and causes his mental 
picture of an embodiment to be reduced to physical form such as a written 
description or drawings or model. He may draw on the skill of others to 


MISCELLANEOUS DATA 955 
Patent coverage of inventions continued 
SEL EAS TET 7 IT TTS IED AEE 


complete this physical form of his invention so long as ideas, hints, and 
suggestions of others are in the regular course of their work as skilled 
technicians. 


Contributions by others beyond ordinary mechanical skill make the con- 
tributor a coinventor. Employers or supervisors who do not contribute 
more than ordinary skill should not be identified as coinventors. On the 
other hand, a supervisor may convey an idea to another employee and 
direct its development into a patentable invention and do none of the 
physical work and yet he, the supervisor, is the true inventor. However, 
when two or more persons by cross-suggestion conceive and reduce an 
invention to a physical form, they thereby become joint inventors. Where 
there is real doubt as to whether an invention is sole or joint, the doubt 
should be resolved in favor of joint. 


Making patentable inventions 
The usual steps of making an invention are: 
a. A desired result or problem is first recognized. 


b. A conception of an embodiment capable of producing the desired 
result is visualized. This mental conception should then be followed with a 
writtem record of the physical form visualized (drawings and descriptions). 


c. Reduction to practice. This may be “constructive” by filing a patent 
application, or ‘actual’ by building a full-size working embodiment. 


Obtaining a patent 


For one to obtain a patent in the United States, the invention must have 
been made before: 


a. It was known or used by others in this country, or 


b. It was patented or described by others in any printed publication in this 
or any foreign country; 


and an application for patent must be filed: 


a. Within one year from the first date of public use or offer of sale of 
the invention in this country or any publication in this or any foreign country 
disclosing the invention, or 


b. Prior to the issuance of a foreign patent based upon an application filed 
by the same inventor more than one year prior to his filing the application 
for U. S. patent. 
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Assignment of inventions 


The patent rights to an invention can be assigned and transferred and this 
may be done either before or after a patent application is filed or a patent 
is obtained. 


Effect of publication—foreign patents 


No public disclosure of an invention should be made before an application 
for patent is filed on it. The reason for this is that in certain foreign countries, 
e.g., France, Holland, and Brazil, the law provides that the publication or 
public use of the invention anywhere in the world before the date of filing 
of an application for patent makes the idea available to the public and 
thereby deprives the inventor of any right to a patent in those countries. 
However, in the United States, one year is allowed following the date of 
the first publication, or first public use or sale of the invention during which 
the application for patent may be filed. Since inventors or assignees are 
often interested in obtaining foreign patents as well as United States 
patents, the inventor should make certain as a general policy that no publica- 
tion or public use is made of his invention before a patent application is 
filed. 


The benefit of the United States filing date applies to the obtaining of patents 
in most important foreign countries, provided the foreign application is 
filed within one year of the date of filing of the United States application. 


Interferences 


Occasionally two or more applications are filed by different inventors 
claiming substantially the same patentable invention. Thus, while a patent 
application is pending, an interference may be declared by the Patent 
Office with respect to the application or patent of another inventor. This 
proceeding is to determine who is rightfully the first inventor and proof of 
dates, diligence, and reduction to practice must be established by recorded 
evidence, such as sketches, description, test data, models, and witnesses. 


Engineer’s notebook 


The keeping of formal notebook records by engineers facilitates patent 
applications and prosecution of any subsequent interference cases. The 
permanently bound type of notebook is preferred and the engineer should 
make his original entries therein. Adherence to the following procedures 
will make the notebook more useful as evidence in legal proceedings: 
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a. Make entries chronologically. Use ink. 


b. Do not leave blank spaces. Draw a line diagonally across unused space 
on a page. Use both sides of each sheet. Do not skip or remove any note- 
book pages. 


c. Do not erase. Draw a single line through any entries to be cancelled. 
and initial and date changes made. 


d. Make entries directly in notebook. If separate charts, graphs, etc., are 
a necessary part of an entry, they should be properly signed, witnessed, 
and dated as well as being referenced on the applicable pages of the note- 
book. These separate sheets should be securely fastened in the notebook. 


e. Make each entry clear and complete. 
f. Sign and date each entry on the day it is made. 


g. Any entry believed to be sufficiently novel to become the subject of a 
patent application should be signed and dated by witnesses who understand 
the subject matter. Sketches, graphs, test data, or other materials related 
to the invention should be similarly witnessed. 


Summary of military nomenclature system* 
EE EASE LN SARL EAN OIE LTT CL EE ER LR ES RE ORL EBLE EA RARE IAI I WEA ERAT SADE ERD" 


In the AN system for communication—electronic equipment, nomenclature 
consists of a name followed by a type number. The type number consists 
of indicator letters shown in the following tables and an assigned number. 


The type number of an independent major unit, not part of or used with a 
specific set, consists of a component indicator, a number, the slant, and such 
of the set or equipment indicator letters as apply. Example: SB-5/PT would 
be the type number of a portable telephone switchboard for independent 
use. 


The system indicator (AN) does not mean that the Army, Navy, and Air 
Force use the equipment, but simply that the type number was assigned in 
the AN system. 


* Adapted from “Summary of Joint Nomenclature System ("AN") System for Communication 
Electronic Eauvipment,” Communications—Electronics Nomenclature Subpanel of the Joint 
Communications—Electronics Committee; Washington 25, D. C.: January 30, 1955. 
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Nomenclature policy 
AN nomenclature will be assigned to: 
a. Complete sets of equipment and major components of military design. 


b. Groups of articles of either commercial or military design that are 
grouped for a military purpose. 


c. Major articles of military design that are not part of or used with a set. 


d. Commercial articles when nomenclature will facilitate military identifica- 
tion and/or procedures. 


AN nomenclature will not be assigned to: 


a. Articles cataloged commercially except in accordance with paragraph 
(d) above. 


b. Minor components of military design for which other adequate means of 
identification are available. 


c. Small parts such as capacitors and resistors. 


d. Articles having other adequate identification in joint military specifica- 
tions. 


Nomenclature assignments will remain unchanged regardless of later 
changes in installation and/or application. 


Modification letters 


Component modification suffix letters will be assigned for each modification 
of a component when detail, parts and subassemblies used therein are no 
longer interchangeable, but the component itself is interchangeable 
physically, electrically, and mechanically. 


Set modification letters will be assigned for each modification not affecting 
interchangeability of the sets or equipment as a whole, except that in some 
special cases they will be assigned to indicate functional interchangeability 
and not necessarily complete electrical and mechanical interchangeability. 
Modification letters will only be assigned if the frequency coverage of 
the unmodified equipment is maintained. 


The suffix letters X, Y, and Z will be used only to designate a set or equip- 
ment modified by changing the power input voltage, phase or frequency. 
X will indicate the first change, Y the second, Z the third, XX the fourth, etc., 
and these letters will be in addition to other modification letters applicable. 
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Set or equipment indicator letters 


type of installation 


A Airborne (installed and operated 
in aircraft) 


B Underwater mobile, submarine 


C Air transportable (inactivated, do 
not use) 


D  Pilotless carrier 


F Fixed 


G Ground, general ground use (in- 
cludes two or more ground type 
installations) 


K Amphibious 


M_ Ground, mobile (installed as operat- 
ing unit in a vehicle which has no 
function other than transporting 
the equipment) 


P Pack or portable (animal or man) 


S Water surface craft 


T Ground, transportable 
U 


General utility lincludes two or 
more general installation classes, 
airborne, shipboard, and ground) 


< 


Ground, vehicular (installed in 
vehicle designed for functions 
other than carrying electronic 
equipment, etc., such as tanks) 


W Water surface and underwater 


type of equipment 


A Invisible light, heat radiation 
B- Pigeon 

C Carrier 

D Radiac 

E Nupac 

F Photographic 


G Telegraph or teletype 


| Interphone and public address 


J 


Electro-mechanical (not other- 
wise covered) 


K  Telemetering 


L Countermeasures 


M_ Meterological 


N Sound in air 


P Radar 


Q_ Sonar and underwater sound 


R_ Radio 


S_ Special types, magnetic, etc., 
or combinations of types 


T Telephone (wire) 


Y Visual and visible light 


W Armament (peculiar to arma- 
ment, not otherwise covered) 


X Facsimile or television 


continued 


purpose 


A Auxiliary assemblies (not complete 
Operating sets used with or part of 
two Or more sets or sets series) 


B Bombing 

C Communications (receiving and 
transmitting) 

D Direction finder and/or recon- 


naissance 


E Ejection and/or release 


G Fire control or searchlight direct- 
ing 


H Recording and/or reproducing 
(graphic meterological and sound) 


L Searchlight control 


use 'G"') 


linactivated, 


M Maintenance and test assemblies 
(including tools) 


N- Navigational aids fincluding alti- 
meters, beacons, compasses, ra- 
cons, depth sounding approach, 
and landing) 


P Reproducing 
use) 


(inactivated, do not 


Q Special, or combination of purposes 


R_ Receiving, passive detecting 


S Detecting and/or range and bear- 
ing 


T Transmitting 


W Control 


X Identification and recognition 
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Table of component indicators 


indicator 


AB 
AM 
AS 
AT 
BA 
BB 
BZ 
e 
CA 
CB 
CG 
Gk 
CM 
CN 
cP 
CR 
CU 
CV 
cw 
CX 
CY 
D 
DA 
DT 
DY 
E 

F 
FN 
FR 
G 
GO 
GP 


family name 


Supports, Antenna 
Amplifiers 

Antennas, Complex 
Antennas, Simple 

Battery, primary type 
Battery, secondary type 
Signal Devices, Audible 
Controls 

Commutator Assemblies, Sonar 
Capacitor Bank 

Cable Assemblies, rf 
Crystal Kits 

Comparators 
Compensators 

Computers 

Crystals 

Couplers 

Converters (electronic) 
Covers 

Cable Assemblies, non-rf 
Cases and Cabinets 
Dispensers 

Load, Dummy 

Detecting Heads 
Dynamotors 

Hoists 

Filters 

Furniture 

Frequency Measuring Devices 
Generators, Power 
Goniometers 

Ground Rods 

Head, Hand, and Chest Sets 
Crystal Holder 

Air Conditioning Apparatus 
Indicating Devices, non-crt 
Insulators 

Intensity Measuring Devices 
Indicators, Cathode-Ray Tube 
Junction Devices 

Keying Devices 

Tools, Line Construction 
Loudspeakers 

Microphones 

Magazines 

Modulators 

Meters 

Magnets or Mag-field Gens 
Miscellaneous Kits 
Meteorological Devices 
Mountings 

Miscellaneous 

Oscillators 

Operating Assemblies 


] indicator | 


OC 
OS 
PD 


continued 


family name 


Oceanographic Devices 
Oscilloscope, Test 

Prime Drivers 

Fittings, Pole 

Pigeon Articles 
Photographic Articles 
Power Supplies 

Plotting Equipments 

Power Equipments 
Receivers 

Reels 
Recorder—Reproducers 
Relay Assemblies 

Radio Frequency Component 
Cables, rf, Bulk 

Reeling Machines 
Recorders 

Reproducers 

Reflectors 

Receiver and Transmitter 
Shelters 

Switching Devices 
Switchboards 

Generators, Signal 
Simulators 

Synchronizers 

Straps 

Transmitters 

Telephone Apparatus 
Towed Body 

Towed Cable 

Timing Devices 
Transformers 

Positioning Devices 
Telegraph Apparatus 

Tool Kits 

Tools 

Tuning Units 

Transducers 

Test Items 

Teletypewriter and Facsimile App 
Tester, Tube 

Tapes, Recording Wires 
Connectors, Audio and Power 
Connectors, rf 

Vehicles 

Signaling Equipment, Visual 
Cables, Two-Conductor 
Cables, Four-Conductor 
Cables, Multiple-Conductor 
Cables, Single-Conductor 
Cables, Three-Conductor 
Impedance Measuring Devices 
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Additional indicators 


Experimental sets: In order to identify a set or equipment of an experimental 
nature with the development organization concerned, the following indi- 
cators will be used within the parentheses: 


XA 


XB 
XC 
XD 
XE 
XF 
XG 


XH 


XJ 
XK 


XL 
XM 
XN 
XO 
XP 
XR 
XS 


XU 


Communications-Navigation Laboratory, Wright Air Development Cen- 
ter, Dayton, Ohio. 


Naval Research Laboratory, Washington, D. C. 
Coles Signal Laboratory, Fort Monmouth, N. J. 
Cambridge Research Center, Cambridge, Mass. 
Evans Signal Laboratory, Fort Monmouth, N. J. 
Frankford Arsenal, Philadelphia, Pa. 

U.S. Navy Electronic Laboratory, San Diego, Calif. 


Aerial Reconnaissance Laboratory, Wright Air Development Center, 
Dayton, Ohio. 


Naval Air Development Center, Johnsville, Pa. 


Flight Control Laboratory, Wright Air Development Center, Dayton, 
Ohio. 


Signal Corps Electronics Research Unit, Mountain View, Calif. 
Squier Signal Laboratory, Fort Monmouth, N. J. 

Department of the Navy, Washington, D. C. 

Redstone Arsenal, Huntsville, Ala. 

Canadian Department of National Defense, Ottawa, Canada. 
Engineer Research and Development Laboratory, Fort Belvoir, Va. 


Electronic Components Laboratory, Wright Air Development Center. 
Dayton, Ohio. 


U.S. Navy Underwater Sound Laboratory, Fort Trumbull, New London, 
Conn. 


XW Rome Air Development Center, Rome, N. Y. 


XY 


Armament Laboratory, Wright Air Development Center, Dayton, Ohio. 
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Example: Radio Set AN/ARC-3 () might be assigned for a new airborne 
radio communication set under development. The cognizant development 
organization might then assign AN/ARC-3(XA-1), AN/ARC-3(XA—2), etc., 
type numbers to the various sets developed for test. When the set was 
considered satisfactory for use, the experimental indicator would be dropped 
and procurement nomenclature AN/ARC-3 would be officially assigned 
thereto. 


Training sets: A set or equipment designed for training purposes will be 
assigned type numbers as follows: 


a. A set to train for a specific basic set will be assigned the basic set type 
number followed by a dash, the letter T, and a number. Example: Radio 
Training Set AN/ARC-6A-T1 would be the first training set for Radio Set 
AN/ARC-6A. 


b. A set to train for general types of sets will be assigned the usual set 
indicator letters followed by a dash, the letter T, and a number. Example: 
Radio Training Set AN/ARC-—T1 would be the first training set for general 
airborne radio communication sets. 


Parentheses indicator: A nomenclature assignment with parentheses, ( ) 
following the basic type number is made to identify an article generally, 
when a need exists for a more general identification than that provided by 
nomenclature assigned to specific designs of the article. Examples: 
AN/GRC-5(), AM—6() /GRC-—5, SB-9()/GG. A specific design is identified 
by the plain basic type number, the basic type number with a suffix letter, 
or the basic type number with an experimental symbol in parentheses. 
Examples: AN/GRC-—5, AN/GRC-5A, AN/GRC-5(XC-1), AM-6B/GRC-5, 
SB-9(XE-3) /GG. The letter V within the parentheses is used to identify 
systems with varying parts list. 


Examples of AN type numbers 


AN/SRC-3( ) General reference set nomenclature for water surface 
craft radio communication set number 3. 


AN/SRC-3 Original procurement set nomenclature applied against 
AN/SRC-3(). 

AN/SRC-3A Modification set nomenclature applied against 
AN/SRC-3. 


AN/APQ-13-T1() General reference training set nomenclature for the 
AN/APQ-13 set. 
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AN/APQ-13-T1 
AN/APQ-13-T1A 
AN/UPT-T3( ) 
AN/UPT-T3 
AN/UPT-T3A 


T-51( )/ARQ-8 


T-51/ARQ-8 
T-51A/ARQ-8 


RD-31( )/U 


RD-31/U 


RD-31A/U 


Original procurement training set nomenclature. applied 


against AN/APQ-13-T1(). 


Modification training set nomenclature applied against 
AN/APQ-13-T1. 


General reference training set nomenclature for general 
utility radar transmitting training set number 3. 


Original procurement training set nomenclature applied 


against AN/UPT-T3(). 


Modification training set nomenclature applied against 
AN/UPT-T3. 


General reference component nomenclature for trans- 
mitter number 51, part of or used with airborne radio 
special set number 8. 


Original procurement component nomenclature applied 


against T—51( ) /ARQ-8. 
Modification component nomenclature applied against 
T—51 /ARQ-8. 


General reference componenf nomenclature for 
recorder-reproducer number 31 for general utility use, 
not part of a specific set. 


Original procurement component nomenclature applied 
against RD-31()/U. 


Modification component nomenclature applied against 
RD-31/U. 
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General 


Information theory concerns the process of communication. The central 
problem is evaluation of the maximum speed and accuracy of communication 
that can be achieved with a given transmission facility. 


The model of the communication process is depicted in Fig. 1. 


information <a 
ort | 


Fig. 1—Process of communication. 


The measure of information does not reflect meaning or purpose in com- 
munication: these are the domain of a user of a communication system; the 
relative frequency of a message and its reproduction are the domain of 
the system designer. The process of communication is: 


a. Sequential selection of elements from a set of possible elements defined 
a priori: that is, in advance of communication. 


b. Encoding of the selected elements as symbols or signals appropriate to 
the transmission system. 


¢. Reception and resolution of the symbols or signals into elements of the 
predefined set, though not always correctly. | 


Typical elements are words, letters, sounds, levels of light intensity, voltages. 
A set is usually composed of elements of the same kind, e.g., a set of letters. 
Some elements of a set are more likely to appear for communication than 
others. Successive selections of elements are not ordinarily independent— 
word selections are constrained to make meaningful phrases, sounds to 
fuse into words, levels of light to form recognizable images. 


Sets composed only of discrete elements are considered in the following. 
A set such as a continuous range of amplitudes can usually be approximated 
to desired accuracy by considering an adequate number of discrete levels 
instead. 


Symbols, messages 


The elements of a set are denoted as x1... X,. The a-priori probabilities of 
X1..4'- X, Gre Pi - 2 Pa Satistying 
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n 


p= 1 


t=1 


The x, will be called source symbols; sequences of xX, are called messages. 
A message formed of two elements is called a digram, and one formed of 
N elements an Ngram. 


Ensemble: A set of elements together with their probabilities p, An 
ensemble with elements x, is denoted by x. 


Amount of information 


Amount of information generated in any selection from the ensemble x. 


n % 
Hix) = Jip; log \I/p) = — Yi py log 
{ ‘ 
a. If an element of x has unity probability, then H(x) = 0. 


b. If all elements are equiprobable, Pp, = 1/n, then H(x) is maximum and 
equal to log n. 


Uncertainty: H(x) is also called the uncertainty of x; uncertainty is greatest 
for equiprobable events; uncertainty is zero when any one event is certain. 


Entropy: H(x) is also called entropy by analogy with the quantity of the 
same mathematical form encountered in statistical mechanics. H(x) and 
other quantities of this form are often referred to as ensemble entropies. 


Information content of a symbol (or message): The information generated in 
the selection of a specific symbol (or message). It is equal to (—log p,), 
where p, is the symbol (or message) probability. 


Average information content per symbol (or message): The average infor- 
mation content (above) of symbols lor messages). (Average information 
content per symbol is the same as H(x), and equals the amount of infor- 
mation generated on the average in successive, independent selections 
from the ensemble.) 


Information units 
———— 


The amount of information H(x) is measured in bits, hartleys, or nits accord- 
ing as logarithms are taken to the base 2, 10, or e. 


1 bit (from binary digit) is defined by a choice between 2 equiprobable 
events. 
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1 hartley is defined by a choice among 10 equiprobable events (= 3.32 bits). 
1 nit is defined by a choice among e equiprobable events (= 1.44 bits). 


In Fig. 2 is plotted (— p loge p) bits and — [p logge p + (1 — p) loge 
(1 — p)] bits versus p, probability expressed in percent from 1 to 99 
percent. (Tables for loge x and 2” are found on page 1110.) | 


0.6 


~p-log, p in bits 


N a ve} 
~[plog,p+(l=p) 10g, (1-p)] in bi 


0.5 


“Ho Nee 
Pee Ne 
++ i 
Pe... 


i 2 5 10 20 30 40 50 60 70 80 90 95 98 99 
probability p in percent 


Fig. 2—Curves for computing entropies in bits. 


Entropy of joint events 


A pair of events x; and y, from the sets (x1... x,) and ly1... y,,) may be 
considered as a composite event (x, y,). Such pairs arise when successive 
symbols emitted by a single source are considered (digram), or when 
symbols from two sources are considered simultaneously (multiplexing), or 
when x represents the input to a channel or encoder and y the output. 


Denoting the probability of (x; y;) by py, and the ensemble of joint events 
by x, y, 


Entropy of x, y is 


nm 
H (x, y) —— > Daj log Paj 
4,J 
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If only x is observed, i.e., without regard to y, then probability of x, is 
m 
Ries bP 
j=l 


and the entropy of x is 
n 
H(x) = — epi log p: 
{=1 | 
Similarly, the probability of y;, with no regard to x, is 
% 
as Dy Py 
4 
and the entropy of y is 


m 
Hy) = — Vig log gq 
, f= 
Upon observing x, the probability (conditional probability) of y, is 
cy = Piz/Px 


The entropy (uncertainty) of y when x, is observed is 


™ 
— Dicy log cay 
j 


which when averaged over x defines the 


Conditional entropy of y given x: 


n m 
H,ly) = bods ( — ye cjloga) = — ps Py log cy 
r j “J 
Similarly, denoting the probability of x, given y, as 
cy, oR P/O 
the conditional entropy 


Hylx) = — DY) py log cy’ 
$,J 


Relation between these entropies: 


H (x,y) = H(x) + Hzly) = Hly) + H,(x) 
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Numerical example: Let n = 3, m = 2. Arranging the joint probabilities p,, 
in a rectangular array or matrix as in Fig. 3, then, 


Fig. 3—Joint probability matrix. 


Py Y1 y2 y¥3 
X1 0.1 OQ 0.3— pi = 0.6 
X2 0.2 0.0 0.2— pe = 0.4 
| i 
qi = 0.3 go =. 0.2 q3 = 0.5 


a. p,is the sum of the elements in row i. 
b. g, is the sum of the elements in column /. 


c. Dividing each element of the matrix by the p, in the same row yields the 
matrix C4. 


d. Dividing each element of the matrix by the q, in the same column and 
transposing yields cy (Bayes’ theorem). 


The entropies defined above may be obtained in bits from Fig. 2: 


H(x) = — 0.6 loge 0.6 — 0.4 loge 0.4 = 0.97 
Hly) = — 0.3 loge 0.3 — 0.2 logs 0.2 — 0.5 loge 0.5 = 1.49 
H(x, y) = — 0.1 loge 0.1 — 310.2)loge 0.2 — 0.3 loge 0.3 = 2.25 
Hzly) = Hlx,y) — Hx) = 1.28 - 
Hy(x) = H(x,y) — Hly) = 0.76 


Statistical independence 

The events x, and y, are said to be statistically independent when 
Pay = PyQy. Then, cy = qy and On = py 

In terms of the entropies, independence means 

H(xy) = H\(x) + Hly) 

H.zly) = Hly) 

Hy (x) = H(x) 


When there is dependence, these relations are replaced by inequalities 
H (xy) < H(x) + Hly) 

Hzly) < Hly) 

Hy (x) < H (x) 


INFORMATION THEORY 969 


Entropy of joint events continued 
NE ESS ROGER BUST EST NS TIALYY 


Multiple events 


The preceding can be generalized to any number of events. Let, for instance, 
(x; yj Zz) represent a composite event from the ensemble x, y, Z and let py, 
denote its probability. 7 


The joint entropy is 


Hix,y,z) = — Ds Pyk 10g Pak 
jk 


From the array of numbers Pyk, It is possible to deduce the probability of 


occurrence of any single event or of any pair of events and also the con- 
ditional probabilities. 


For instance, 
Pajk / > Pajk 
k 


is the probability that z; will occur if x, and y; have been observed. 


The conditional entropy Hz,(z) is the average over all pairs (xy,) of the 
entropy of z given x = x,andy = y,. 


Alternatively, regarding x,y as a composite ensemble w, then. from 
H,,(z) = Hl(w,z) — Hlw) 

there results, on replacing w by x,y, 

H,,(z) = Hl(xy,z) — H(x,y) 

Similarly, it can be found, for example, that 


Hzy,2(u,v) = H(x,y,z,u,v) — H(x,y,z) 


Information source | 
RIES EE SIS vol 
A source of information is a system that produces messages by successive 
selections from an ensemble of symbols, ., _ . ) 


Information rate of a source 


Information rate of a source is the amount of information generated per 
symbol or per second. The information per symbol (symbol entropy) is 
denoted by H. The information per second (time entropy) is H’'= rH 
where r is the average number of symbols selected per second. 


Independent selections’ H = the entropy of the symbol ensemble, Hixds 


Selection dependent on preceding Ngram: H = the conditional entropy of 
x with respect to the ensemble of Ngrams. at, 


\ 
\ 
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Information source continued 


Alternatively, when successive selections are not independent, the source 
may be regarded as changing state with each selection. If a selection 
depends only on the N preceding, then after a sequence of N selections, 
the source is said to be in a state S, With the next selection there is a 
transition to some state S, determined by the element selected and the 
preceding (N—1). The probability of transition from S, to S, is denoted by 
ty (transitional probability). (When N= 1, ty is the conditional prob- 
ability cy and the number of states is the number of source symbols). 
‘Denoting the probability of state i as s, 


H = DUS DS ey ele te) 
‘ j 


(From the latter standpoint, a source is said to be a Markoff process.) 


Estimate of information rate: H is less than but approximately equal to 
1/N times the information per Ngram generated by the source, the differ- 
ence diminishing with N. In this way, information per letter of English may 
be approximated from information per word, information per Morse code 
symbol from information per letter, etc. Various approximations to the 
English language have been studied from this point of view. 


Taking letters as the elementary source symbols; if letters were equiprobable 
and independent of each other, the rate would be Hy = 4.75 bits per letter. 
Using the actual letter frequencies, it would be H; = 4.03 bits per letter. 
Using frequencies of occurrence of the digrams and trigrams, it becomes, 
respectively, Hz = 3.32 and H3 = 3.1 bits per letter. 


If English words are ordered according to decreasing frequencies it is found 
that the probability of occurrence of the word in the mth position (rank 
m) is approximately p,, ~ 1/10m (limiting m to 8727 to make Zp, = 1). 


The resulting entropy is 11.82 bits per word or 2.14 bits per letter based 
on an average of 5.5 letters per word. 


Binary encoding of information source 
AOR 2S REEDED EON LESTE LI LE SEIT ER SOIT ITE DTA LCT TRE TEC LED ILLIA 


a. The output of every source with rate H bits per symbol can be encoded 
reversibly into sequences of binary digits averaging H binary digits per 
source symbol; no lesser average number of digits allows reversible 
encoding. 


b. The time entropy of reversibly encoded source sequences cannot exceed 
H’, the time entropy of the source. 


ee eee 
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Binary encoding of information source continued 


c. If different sources have the same H’, then messages from any one of 
them can be encoded into messages from any other without loss of infor- 
mation rate. 


These are illustrated in Fig. 4. Typical messages in 4 different "languages’’ 
are shown “‘translated’”’ into the same binary sequence. Each letter in- 
dividually has its own binary code (rather than coding long sequences of 
letters as a whole). The notation A: 4 ~0, etc., means “A, of prob- 
ability 3, is encoded by 0.” 


Since all 4 messages are reversibly encoded into the same binary sequence, 
any one message is a reversible code for any other, though with no direct 
letter-for-letter correspondence. The method of forming the codes in the 
special cases illustrated is: The x, are listed in order of decreasing prob- 
ability p; The uppermost group of events with cumulative probability 1/2 
is assigned 0; the lowermost group is assigned |. Each group is further 
divided into upper and lower parts of equal cumulative probability, which 
are assigned respectively 0 and 1. This is continued until groups contain 


1 | T | TT | IV 
A: 3~0 Ww: i~00 a: 3™~0 a. 3~0 
B: +~ 10 xX: }~01 BB: ~~ 10 b: %~ 100 
Cc: {~~ 11 Y: }~ 10 vy: 4™~ 110 ce ¢~ 101 
Z t~11 6 F~ lll d: %~ 110 
e $¢~111 
lan- | bits , letters bits 
gauge | letter second second message binary sequence 
| 150. 01059 26'heve 42 ABAABBCAACB 
ll 200 © 2) = 4 XWXXXYXZ ! 
—— | $<] —_——— 701000101011001110 
n | 175 * 24 = 42 | aBaaBByasa "I digts | 
Binary rate = | —— ' 
digit second § 
bit 
iV | 200 © 21 = 42 | abacadaea = 42 —— 
second 


Fig. 4—Four sources generating equal bits per second. A: Ya ~0O means “A, of probability 
Ya is encoded by O”’. 
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Binary encoding of information source continued 
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only one event. The code is automatically reversible. It is efficient (non- 
redundant), in that more-probable events are assigned longer repre- 
sentations than less-probable ones in such a way that typical source 
sequences have the least possible number of binary digits. 


The symbol probabilities are generally not integral powers of 1/2, and 
symbols generally not independent. An approximation to H code digits per 
symbol can still be obtained as outlined above if for “equal cumulative 
probability” is understood approximately equal cumulative probability. 


To obtain a good approximation, it is usually required to apply the pro- 
cedure to a list of Ngrams, rather than of the symbols. The Ngrams provide 
a smoother gradation of probabilities and lessen the effect of symbol 
dependences. 


‘Redundancy 


A source is redundant if H is less than the maximum entropy Hy = log n 
possible for the same number n of symbols. The selection of symbols in a 
redundant source is either not independent or, if independent, not equi- 
probable. 


Amount of redundancy is the fractional departure of the source rate 
from this maximum: (Hy, — H) /Hy. 


From another viewpoint, redundancy indicates the predictability of the 
source: When the uncertainty H is zero, the redundancy is one and the 
symbols are completely predictable. Experimental trials at predicting 
English sentences give an estimated redundancy of at least 75 percent. 


Compression by coding is the representation of information generated in 
source sequences by shorter sequences of code symbols. The maximum 
possible percent compression of source sequences when properly coded 
in an alphabet numbering the same as source events equals the source 
redundancy. 


Languages Il and Ill of Fig. 4 illustrate elimination of redundancy by coding 
into alphabets the same size. With language Ill as a source with entropy 
1.75 bits per symbol, the redundancy is 1/8. 


Encoding of Ill into Il achieves the full reduction in redundancy since, on 
the average, in one second it takes 1/8 fewer symbols to convey 42 bits. 
This compression could mean a 1/8 bandwidth reduction factor for Ill. 
Or, Il could be transmitted as the code for Ill with a saving of 1/8 of the 
time. Languages IV and II offer what may be called ‘amplitude compression”, 
since information rate and symbol speed remain the same but the alphabet 
“range” is reduced from 5 to 4. symbols. 
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Channel 


Communication channel: A transmission facility; defined by a set of con- 
straints. These limit the rate and accuracy with which information can pass: 
from a source to a destination. 


Every physical facility is subject to random variations—component drift 
with temperature, crosstalk, mechanical imperfections, electrical noises,’ 
imperfect resolution. 


Noiseless channel: One where these effects are negligible; the facility is 
essentially free of random error. In a noiseless channel, accuracy is not 
an issue. Every permissible channel input is at once identifiable at the 
output. The objective is to evaluate the maximum-possible rate of transfer 
of information through the channel in the presence of constraints of exactly 
specified nature (as opposed to random influences), often economic in 
origin, or attributable to limitations in the state of the art. 


Noisy channel: One where randomness cannot be dismissed. 


Constraints may be classified as those pertaining to the channel symbols (or 
signals) and those pertaining to the channel noise. The basic channel 
symbols available for transmission are limited in. number and maximum 
speed of use. There are also restrictions on sequences formed of the basic 
symbols: e.g., a ‘‘spacing’’ symbol may be required between symbols. 
There may be an average-power limitation on sequences. The channel 
noise is a constraint on transmission in that no more than a certain maximum 
rate can be achieved if error-free reception is to be approached. 


Noiseless channel 


Binary channel: Transmission constrained to use of 2 symbols, 0 and 1, each 
of duration To. The maximum possible transmission rate is 1 selection 
between 2 possibilities every To seconds. Thus the channel capacity is 

= 1/To bits per second. A binary source that produces 0's and 1's of 
duration To can drive the channel directly. If, further, 0 and 1 are equiprob- 
ably produced at each selection, then the source rate equals the capacity 
and the source is said to be matched to the channel. 


Channel with S available symbols all of duration To can in time T handle 
any of N(T) = S7/7° different sequences of symbols: capacity is 


= (1/T) loge N(T) = (1/To) loge S bits per second. 
If the minimum duration is the result of limited bandwidth W = 1/2To, re 
C= 2W loge S 


Channel with dynamic range D quantized in steps of equal size d aa 
S = (D/d) + 1 amplitude levels available for transmission: 
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Noiseless channel continued 
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C = 2W log (1 + D/d) 


or, in terms of average power in channel sequences, when D is centered on 
zero, 


C = W loge (1 + 12 V?/d?), 
where 
y2 


mean-square amplitude level, or “power” 


o? (S2 — 1)/12 


I 


Capacity of the noiseless channel is defined in general as 
= lim eee NT) bits per second 
To T 
N(T) is the number of permissible channel sequences that can be formed in 
time T. Two cases are illustrated. 


a. Binary channel, duration of 0 twice that of 1: 


The N(T) permissible sequences of length T terminate in 0 or 1. Letting the 
duration of 1 be 1 second, the number ending in 1 is N(T — 1); number 
ending inQ is N(T — 2). Thus N(7) satisfies the difference equation 


N(T) = NIT — 1) + NT — 2), 


with characteristic (algebraic) equation 


Xo = X14 X72 
or 
cna gest [ek 


if » ee = largest real root of the characteristic equation, then 
C = log Xmaz 
In this case Xmez = 1.62, and C = 0.70 bits per second. 


b. Binary channel, duration of 0 and 1 each second, with added con- 
straint that after 1 is used then 0 must follow (though 1 or 0 can follow 0): 
N(T) = N(T — 1) + NIT — 2), as in a above. 

C = 0,70 bits per second 

These binary channels have the same capacity but can not handle the same 


binary sequences. If a proper encoder is placed between them, the over-all 
capacity of the two in series remains the same as either one alone. 


SS Oa 


oe 


Pa ee. 


rk Ret ee 
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Noiseless channel continued 


Fundamental theorem for noiseless channel 


Sequences of source symbols, of entropy H bits per symbol, when properly 
encoded in permissible sequences of a channel with capacity C bits per 
second, can be transmitted through the channel provided that the source 


does not produce symbols at an average number per second greater 
than C/H. 


Noisy channel 


Transmission through a noisy channel is subject to processes interfering at 
random with the channel symbols. The interference is itself a source of 
erroneous information. A noisy channel (or random transducer) is defined 
by: a set of input symbols x, a set of output symbols y,;, a matrix of prob- 
abilities cy that x, is converted to y, during transmission, and an average 
number of inputs per second. 


An instance of a noisy channel is a facility for transmitting a 1-volt or 0-volf 
signal per second along a pair of wires, where the wires are short-circuited 
at random 10-percent of the time. The possible inputs are xo = 0, x1 = 1, 
the outputs yo = 0, y1 = 1 with coo = 1, corp = O and cig = 0.1, c13 = 0.9: 


If the channel interference produces symbols at the output that are not in 
the set of inputs, a decoder performing a “decision function’ can be 
introduced to resolve all outputs into possible inputs. The decoder can be 
regarded as part of the channel. 


Dispersion, equivocation 


When x, are used with probabilities uy, then the joint probability of x, y, 
(pyj = Uy Cy), the probability of y; at the output, the ("inverse’”) prob- 
abilities fe and associated entropies can be established as shown in the 
section on joint events. 


Dispersion is the conditional entropy Hzly). It is a measure of the uncertainty 
of the output, on the average, given the input. 


Equivocation is the conditional entropy Hy,(x). It is a measure of the un- 
certainty of the input, on the average, having observed the output. 


When the channel is driven directly by a source [i.e., the input symbol prob- 
abilities u,; equal the source symbol probabilities p,), then 


R = H(x) — H,(x) = Hly) — H,ly) 


is often referred to as the rate of transmission through the channel. 
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Noisy channel continued 


Example: Binary source of rate 1 bit per digit driving symmetric binary 
channel defined by probabilities cio = cor = p (1 and 0 are mistaken for 
each other with probability p). 


l 
R=1—- E loge - + (1 — p) loge | bits per digit 

p 
The | is the source or channel symbol entropy and would be the information 
rate in the absence of errors. The bracketed term is the equivocation (and 
also dispersion in this symmetrical case). 


Capacity of noisy channel 


Of all possible assignments of probabilities u, to the channel symbols, there 
is a set that results in a maximum value of the difference H(x) — Hy(x). 
This maximum difference is defined as the capacity of the noisy channel: 


C = max [H (x) — Hy, (x)] 
U4 


where = u, = | andy, 2 0. 


(This maximization is sometimes described as matching the channel symbol 
usage to the channel noise). 


Fundamental theorem for noisy channel 


A channel of capacity C can be driven by any properly coded source of 
rate up to C with practically zero probability of error in recovering the 
input. This is not possible if the source rate exceeds C. 


Underlying principle of theorem: Let long sequences, or blocks of input 
symbols be regarded as the basic transmission units (rather than the in- 
dividual symbols), and let the symbols x, within blocks be used with fre- 
quencies u,. Each block will upon transmission give rise to one of a group 
of possible responses associated with it. 


The groups of responses to all such blocks overlap. If there were no overlap 
at all, every such block would be ideal for transmission, since the noisy 
responses would fall into completely separable groups, each one identified 
with a definite input. 


However, by limiting the number of possible input blocks to a certain 
number M, the response groups associated with these M become nearly 
separable, and still more so as the length of block considered increases. 
For any probabilities u,, and number of symbols N per block, the number of 
blocks M must satisfy: | | ) 


(1/N) log M < R = H{x) — Hy (x) 
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Noisy channel continued 


If such blocks of channel symbols are then associated with output sequences 
from a source of rate H = (1/N) log M l(a noiseless coding procedure), 
then coded messages from the source can be identified at the channel 
output with virtually no error and at the rate H. 


The maximum source rate for which this still holds is the maximum value of 
R, or the channel capacity. | 


The theorem does not define any specific encoding of the source but rather 
a class of codes that in general are difficult to apply. 

There is presently much effort devoted to developing codes with a systematic 
structure, e.g., self-checking codes, and to evaluating explicit relations 
between code length and probability of error. 


Channel with additive noise 

Output y is the sum of the input x and channel noise n, 

y=x-+toa 

When n and x are statistically independent, 

H.z(x + n) = Hin) | 

since probabilities of (x +n) given x are the probabilities of n. Thus, 
R = H({x +n) — Hn) 


Since H(n) is fixed by the channel, maximum R occurs when H(x + n) is 
maximum. 


Illustration: A binary facility for transmitting a — 2- or + 2-volt pulse once 
a second disturbed by crosstalk. The crosstalk consists of a — l- or + 1- 
volt pulse occurring equally frequently at an average rate of | per second. 
The noise entropy H(n) is 1 bit per second. If the + 2-volt pulses are used 
equally frequently, u, = 1/2, then the entropy of signal plus noise H(x + n) 
is 2 bits per second, (4 equiprobable output levels: — 3, — 1, + 1, + 3). 
Thus, R = 1 bit per second. In this simple case, the rate R is easily achieved 
without error by noting that a positive output can only mean that + 2 is 
intended and a minus output must mean — 2. | bit per second is also the 
capacity of the channel, since H(x + n) is already maximum. 


Noisy binary channel 


Defined by probabilities Cor = p and cyo = gq, these error probabilities 
implicitly determining the severity of interference present. 


The channel capacity is 
C= loge { 9 lH, — (1 — p)Hgl/1 — (+o) ots, pH — (1 — )Hp)/{1 ~@+ ol} 


bits per digit where 
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Noisy channel continued 
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H, = —plogep — (1 —p) loge (1 — p) 
(A curve is given in Fig. 2.) Hg is obtained from Hp replacing p by q. 
C is symmetrical in p and q. The maximizing input digit probabilities are 


=< berth Sela SW a q 
Iherlp shaq! 
where vy = probability of 1 at the output 


Uj 


aes fj +29 FAO Tepe. 
ies VA Pionet & 
1 — (p + q) 


where Ve = probability of 0 at the output = 1 — v1. 


When p = q, the symmetric binary channel results. Further, let the binary 
digits be positive and negative pulses of equal amplitudes, equal durations 
T = 1/2W, and average power P. Let the channel noise be similar pulses 
with Gaussian distribution of amplitude of average power N, which add 
to the digit pulses. Then C/W = 2(1 — H,) bits per second per cycle of 
bandwidth, where the digit error-probability as a function of P/N is 


p = ¥ erfe [(P/N)1/2/(2)1/2] 
C/W versus P/N in decibels is given in Fig. 5. 


Channel with additive noise 


Signal limited in bandwidth and average power: A facility can handle pulses 
of all possible amplitudes, at a maximum rate of 1/2W per second and with 
the constraint that pulse sequences are limited to average power P. Noise 
pulses in the channel with Gaussian distribution of amplitude and of average 
power N (no direct-current component) add to the signal pulses. The 
capacity of the channel is 


C = W loge (1 + P/N) bits per second, 


showing explicit dependence on channel noise. A plot of C/W is given in 
Fig. 5. The capacity may be achieved arbitrarily closely if sequences of 
signal amplitudes are formed with Gaussian probability distribution and 
mean-square fluctuation P. The channel could be used with negligible 
probability of error by a binary or other source of rate up to C if long- 
enough source sequences are encoded into the Gaussian signals. If the 
Gaussian noise power varies directly with bandwidth, then letting Wo be 
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Noisy channel continued 
LBL EESTI ALS PETE SES 


bits per second per cycle of bandwidth = C/w 
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P/N in decibels 


Fig. 5—Channel capacity versus P/N. The number of signal levels (equally spaced and 
centered on zero) is s. For a symmetrical binary channel, s = 2. 
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Noisy channel continued 


(bits per second)/W 


Fig. 6—Capacity of channel (limited in average power and bandwidth with Gaussian noise) 
as a function of bandwidth. W, = bandwidth for which signal power equals noise power 


(P = N). 


that width for which P = N, the variation in C/Wo is the curve given in 
Fig. 6. 


The normalized capacity C/W rises sharply to unity as bandwidth increases 
to W,, then slowly approaches 1.44 bits = 1 nit with further increases in W. 
The quantity CT is the amount of information that can be transmitted a 
long-enough interval T. This quantity is referred to as an exchange relation 
indicating how T, W, P, and N can be “traded”, that is, how constant 
capacity can be maintained by various channel adjustments. 


1 
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@ Probability and statistics 


General 


A random experiment is one that can be repeated a large number of times, 
under similar circumstances, but may yield different results at each trial. 


For example, rolling of a die is a random experiment where the result is 
one of the numbers 1, 2, 3, 4, 5, or 6. Observing the noise voltage across 
a resistor is another random experiment that gives a number V dependent 
on the instant of observation. A random experiment may consist of observing 
Or measuring elements taken from a set that is then known as a population. 


The result of a random experiment is called a random variable or variate. 
This is usually a number, or a set of numbers, but it may also be an element 
of a given set such as a point within an area, or a color among a given 
group, or a quality such as good or bad. 


A variate may be discrete, as in the case of the die, or continuous as in the 
case of a noise voltage. 


Fluctuations of the result of a random experiment are due to causes that 
cannot be entirely controlled. However, if the conditions of the experiment 
are sufficiently uniform (for instance, if the same die is used in successive 
throws; if the resistor is at a constant temperature), some statistical regularity 
can be observed when results of a large number of experiments are con- 
sidered. The statistical regularity is expressed by the law that gives the 
probability of obtaining a given result or a result falling within a given range 
of values. The law of probability is assumed to be the same for each per- 
formance of the experiment, independently of the results of other trials. 
When experiments done in time sequence are not independent, the whole 
sequence is considered as a single random experiment called a stochastic or 
random process (see p. 998). 


A discrete variate, which may take values x1, X2... Xm, ... is described by 


p(k), its probability function. p(k) is the probability of obtaining x, as the 
result of one trial. 


O< pk <1 


Seni = 


all E 


If the x, are real numbers, the cumulative probability function 


P(x) = y: p(k) 


m<t 


also describes the variate. The pz are the jumps of this function. 
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General continued 


For a continuous variate that takes real numerical values, the probability 
that one trial of the experiment gives a result between x and x + dx is 
p(x) dx where p(x) is the probability density function. The cumulative distribu- 
tion function is hrs 


Zz 
P(x) = | p(x) dx 


P(x) is the probability that the result is less than x. 
P(-~) = 0 


+00 
P(+o) = | p(x) dx = 


pix) = dP/dx 


For a continuous random variable with more than one dimension or multi- 
variate, the probability density function p and the cumulative distribution 
function P can also be defined. For instance, if (x,y) are the coordinates of 
a random point in the plane, then pl(x,y) dx dy is the probability that the. 
point has its abscissa between x and x + dx and its ordinate between y and: 
y + dy. The cumulative distribution function is 


2 y 
P(x,y) = | dx | dy p (x,y) 


—e 


Definitions 


Quantities often used to describe the location and spread of a random 
variable are listed below. The first formula in each case applies to a discrete 
variate with probability function p(k) = px. The second formula applies to 
a continuous variate x (real number) defined by its probability density 
function p(x). ) 


Average or mean 


k= 2a Pe X 


+0 
| x p(x) dx 


—o 


mM 


Root-mean-square, rms 


1/2 
r= Dy XK 
|e 2| 
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Definitions continued 


+ 1/2 
r= id x? p(x) x 


Moment of order r, about the origin 


a 
Vp = 3 k Xk 
t ap 


Moment of order r, about the mean 


= (x, — p)’ 
Mr dips Xk b 


$-0 
br = | (x — pw)” plx) dx 


oo 


Variance 


a= ws = Da pr bx — w)? 
all. & 


4-0 
o7= pe = | (x — p)? plx) dx 


—o 


Standard deviation or rms deviation from the mean 


1/2 
=— _ 2 
o Pp PE (x, — yp) | 


srawe 1/2 
c= | (x — yp)? p(x) | 


Mean absolute deviation, mae 


ae Db: | xz - | 
all & 


+o 
- | [x — p| plx) dx 


2.00) 
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Definitions continued 


Median: A value m such that the variable x, (or x) has equal probabilities 
of being larger or smaller than m. 
For the continuous case 
m 4-00 
| p(x) dx = | pix) dx 
—o ™ 


Mode: A value. of x (or x,) where the probability p(x) (or p,) is largest. 
There may be more than one mode. 


p-percent value: A value of x exceeded only p-percent of the time; that is, 
with probability p/100. This applies mostly to continuous distributions where 
the p-percent value denoted by xz, satisfies 


+o 
1] — Plx,) = | p(x) dx = p/100 


D 


The median is the 50-percent value. 
Quartile: The 25- and the 75-percent values. 


Expected value or mathematical expectation: For any variable y equal to 
a given function g(x) of the random variable x, the expected value is 


Ely] = )) glx) ps 


all & 


and for the continuous case, 


+0 
Ely] = | g(x) pix) dx 


—o 


Characteristic function 
[RESET 
Continuous case 


The characteristic function for a distribution defined by its probability 
density p(x) or by its cumulative distribution function P(x) is 


Clu) 


E[exp jux] = | (exp jux) dP(x) = | (exp jux) p(x) dx 


C(O) = | 


I 


elo ax *1 
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Characteristic function continued 


C(—u) = C*lu) 


(Where the asterisk denotes the complex conjugate.) Clu) can be expanded 
in term of the moments 


Clu) = 1+ )», Gul? /r! 


The function C is the Fourier transform of p, hence 
pix) = (1/27) | (exp —jux) Clu) du 


For a multivariate x = (x1,x9...X,), the characteristic function is 
ly us... U,) = E{ exp [jluixr + uexe +... + Un Xnl } 
C (vu) = E [exp ju-x] 


Discrete case 


The characteristic function corresponding to the probability function px is 
Clu) = yy Pk EXP JUX; 


Addition of statistically independent variables 


If two independent variates x1,X2 have probability densities pilxy) and 
palxs), the probability density function for their sum x = x1 + x2 is the 
convolution integral 


p(x) = [out — £) pelt) dé 


or, in shortened form, 
P = Pix Pe 


Similarly the cumulative distribution function for the sum is 


P(x) = Py x po = | Pat = £) dP.2(€) 

Instead of computing these convolutions, it is simpler to use the corresponding 
property of the characteristic functions 

C(u) = Cylu) Celu) 


and to deduce p(x) as the Fourier transform of Clu). This property extends 
to the sum of n independent variates. 
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Binomial distribution 


lf the result of a random experiment is one of two alternatives, the statistics 
are completely defined by the probability p of one of the alternatives. 
The trial may be the flipping of a coin or the testing of an electron tube 
taken at random. The preferred alternative or “success” could be a head 
in the first case, an acceptable tube in the second case. The probability of 
failure in one trial is 

q=l1-p. 

In n independent trials, the probability of exactly k ‘successes’ is given by 
Gen i hese) i iy 

(definition of Cy appears on p. 1038). This is called the binomial distribution 
because p(k) is the kth term in the development of the binomial (p + q)”. 
The average of k is np and the variance is 

E[(k — np)?] = npg 

The standard deviation is 


(npq) 1/2 


The probability of at least one success in n independent trials is 

1 — (1 — p)” 

Application: If 15 percent of the components from a given lot are defective, 
the probability of finding exactly 3 bad ones in a set of 10 is 


1078 
lexi 2s 


The probability of finding at least one good component in a set of 3 is 


1 — (0.15) = 99.7 percent 


Gs (0:/15)* 10.85)7 = 15°85! 107? ="13 percent 


Poisson distribution 


A random experiment that leads to the Poisson distribution might consist 
of counting, during a given time T, the electrons emitted by a cathode, the 
telephone calls received at a central office, or the noise pulses exceeding 
a threshold value. In all these cases the events are, in general, independent 
of each other and there is a constant probability vdt that one of them will 
occur during a short interval dt. 


PROBABILITY AND STATISTICS 98] 
Distributions continued 
The probability that exactly k events will occur during the time interval T 
is given by the Poisson frequency function 
P, = (m*/k!) exp (—m) 


where the parameter m = v7 is the average number of events during 
the interval T. 


The variance of k is 

E[(k — vT)?]=m 

The standard deviation is 
mu2 

The characteristic function is 
exp {m [(exp ju) — 1}} 


The binomial distribution, when the product np is small and n is large, is 
approximately a Poisson distribution with parameter m = np. 


Exponential distribution 


In a Poisson process, the probability that the interval between two consecu- 
tive events lies between t and t + dt is 


viexp — vt) dt = d (1 — exp — wt) 
with f 2 0. The average interval is 
Eli} = 1/y 

The root-mean-square is 

iP) = 2/y 

The standard deviation is 

{E[(t — 1/r)2]}* = 1/p 

The median is 

(log. 2)/v = 0.6931/y 

The cumulative distribution function is 
1] — exp( — rt) 

The probability that an interval is larger than t is 


exp (— vt) 
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Distributions — continued 


Problem: Pulses of noise, above a certain level, occur with an average 
density of 2 per millisecond. A device is triggered every time two pulses 
occur within the same 5-microsecond interval. How often does this happen? 
Since vt = 0.01, then exp — 0.01 = 0.990 (from table on p. 1115) is the 
probability that one interval will exceed 5 microseconds. The device is 
triggered by | percent of the pairs of consecutive pulses, hence 20 times 
per second. 


Normal distribution 


The normal, or Gaussian distribution is often found in practice because it 
occurs whenever a large number of independent random causes, each 
producing small effects, act together on the quantity being measured (central 
limit theorem of the theory of probability). 


The normal probability density function, for a mean of zero and a standard 
deviation a, is 


Golx) = [1/o(2m)/?] exp [ — 4lx/o)?] 


(See Fig. 1 and table on p. 1116. When the mean value is pu instead of 0, 
the probability density becomes yg, (x — yu). 


The cumulative distribution function 


z 
@(x) = | q(x) dx 
is given by scale C on Fig. | and more accurately by the table on p. 1117. 
Related to ® are the error-function erf f and its complementary erfc ft: 
t 


erf t = (2/'/2) | exp (— #) dt = 26[¢ 2!/2] — ] 
0 


eric f= 1 — erft 


The absolute deviation from the mean | x — uy |, sometimes called the 
error, has the distribution given in the table on p. 1116 and scale E on Fig. }. 
The median value, equal to 0.6745 a, is called the probable error. It is ex- 
ceeded 50 percent of the time. The average of | x — u |, equal to 0.7979z, 
is the mean absolute error. The 30 error is exceeded with probability of 
about 0.3 percent. 


Additive property: The linear combination, with constant coefficients of n 
normal random variables is also a normal random variable. If 


Wee GX 1 at COX0 Ht) 4. wt, CaXy 


where x; has mean py, and variance oa,’, then y has a mean 
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B= Vics ms 


and a variance 
bpd 


Multivariate normal distribution 


The vector x = (x1,X2 ... Xn) is normally distributed about the origin if 
the probability density function is 


ox) = [(2m)" det MJ? exp [— $ (® M7 x!] 


where the moment, or covariance matrix M = (y,;) is of order n. The coeffi- 
cients u,; are the second-order moments 


pag = E[xex;] 


Sometimes psi, the variance of x;, is denoted by o;7 and w4;, the covariance 
of x; and x;, is expressed by oyo;r;. The riz are correlation coefficients. 


Any linear function of x say, y = Lx, where L is a matrix of order m X nis 
normally distributed with the moment matrix 


N = LML 
The characteristic function of the multivariate normal distribution is: 
Clu) = E [exp (jox)| = exp [ — 3 (WMu)] 


The sum of two independent, normally distributed vectors x,y with co- 
variance matrices M and N, respectively, is normally distributed with 
covariance matrix M + N 


Yu * Pn — Outn 


Normal distribution in two dimensions: Let x,y be the coordinates of the 
random point, the probability density is | 


mre ! I ve 2pxy  y? | | 
Bedi Qn oio2 (1 — p2)1/? exp | OU tape) (= 0469 ar o2 


where 02; and a2? are the variances of x and y and 9 is their correlation 
coefficient. | 
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Distributions — continued 


Circular case—Rayleigh distribution: When the two variates have the same 
variance (a; = og = a) and are not correlated (p = 0), 


] x? + y? 
olxy) = 55 exp( - 4-4 


oO 


The distance R to the origin, R? = x? + y?, is distributed according to the 
probability density function 


p(R) = (R/207) exp ( — R?/20?) 


This is sometimes called the Raleigh distribution. When a large number of 
small independent random phasors with equiprobable phases are added, 
the extremity of the vector sum is distributed according to the circular 
normal bivariate distribution. The magnitude R of the sum has therefore the 
probability density p(R). This applies to the electromagnetic field scattered 
by a large number of small scatterers. It also describes the distribution of the 
envelope of a narrow band of Gaussian noise. 


Fig. 2 shows the function p(R) and the scale C gives the probability that 
some given level will be exceeded. The rms of R is o(2)1/2. The average 
ola /2)4/2 = 1,.2533c¢ is the mean radial error. The median or 50-percent 
value, 1.17740 is also called cep (circular error probable), because it is 
the radius of the 50-percent probability circle in the x,y plane. 


probability density 


rms 1.414=2'2 
mre 1.2533=(7/2) 
cpe 1.1774 = median 


ho SO et Ss cy ea cE OA 
100 90 80 70 60 50 40 30 2 10 5 | 
C= probability in percent that R exceeds the value on the R axis 


Fig. 2—Rayleigh distribution. R is the distance to the origin in a bivariate normal distribution. 
a is the standard deviation for either component of the normal distribution. 
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Using X = R? (power) as the variable, 
p(R) dR = [exp (—X/Xo)] d(X/Xo) 
with Xo = 20? 


When the circular normal distribution has its center at a distance S from 
the origin, the distance R to the origin is distributed according to 


R R?2 + S$? RS 
p(R) dR = 3 exp | Se Ih (©) fe 


where Jo = Bessel function with imag- 
inary argument. This is the distribution of 
the envelope of a sine wave plus some 
Gaussian noise. It also represents the 
distribution of the amplitude of a field 
that results from the addition of a fixed 
vector and a random component ob- 
tained, for instance, by scattering from a 
large number of small independent scat- 
terers. See sketch at right. 


Chi-square distribution 


The distribution of the sum of the squares of n independent normal variates, 
each having mean zero and variance unity, is called the chi-square dis- 
tribution. 
The probability density function for this sum x is 

n/2-1 


Knlx) = on ep in /2) 


exp (—x/2) 
(x, being the sum of n squares, is positive.) The parameter n is called the 
number of degrees of freedom. The mean of x is n and its variance is 2n. 


The p-percent value of x (exceeded p percent of the time) is denoted, for n 
degrees of freedom, by xp"(n) 


| > kn(x) dx = p/100 
Xp 


Curves of xp” versus p are shown in Fig. 3. 


The first functions ky, are: 
ky(x) = (2ax)¥/? exp (—x/2) 


3 
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0 RE 


where x is the square of the deviation in a normal distribution. 


ke(x) = $ exp (—x/2) 
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vs 


value of p 


n degrees of freedom. 


Fig. 3—Chi-square distribution. Function x," (n) for 
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where x corresponds to R? in the Rayleigh distribution (see p. 991). 
kg(x) = (x/2a)¥/? exp (—x/2) 


where x is the square of the distance to the origin of a point in space having 
a normal distribution with spherical symmetry. 


Sampling 


If a random experiment is repeated n times, the results x1,xo...X, form a 
sample of size n. The distribution of x from which the sample is drawn is 
called the parent distribution. 


The numbers x; . . . X, may not all be different and may form a smaller 
set X1... Xk... Xm Where xz Occurs nz times. The definitions on pp. 982-984 
can be applied to a sample (or to an arbitrary set of numbers) by using 
the relative frequencies nz/n in place of the probabilities px. 


The sample mean is 
X = (1/n) (xy + x2 +... 4+ xn) 


The sample variance is 


t=n 


s=- )) xy — x? 
N¢=1 


If the x, are in such order that 
RY Kame XSL ORG Xn 
the sample median is 

E = Xn 4 v/2 

if n is odd and 

E =  [xXnl2 + Xcn/2) + il 


if n is even. 


Estimation of mean and variance of a normal variate 


Given a sample of size n taken from a normal distribution, a frequent 
problem is to estimate the mean yp and the variance o* of the parent popu- 
lation. 


One estimate of pu is the sample mean x. It is a normal random variable with 
average yu (the estimate is unbiased) and with variance o?/n. Another 
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unbiased estimate of u is the sample median &. It is easier to compute than 
X but has a larger standard deviation: 1.2 ¢/n/? for n < 10 and 1.25 ¢/n¥/? 
for n large. In the latter case, € becomes normally distributed. 


The sample variance has an average of 


[in — 1)/n]o? 


and hence it is a biased estimate of the population variance. An unbiased 
estimate is 


3? = [I/in — 1] Y & — 8? = [n/n — VJs? 
which differs appreciably from s? when n is small. 


The standard deviation o can also be deduced from the sample range; 
that is, from the difference between the largest and the smallest number in 
the sample. For a sample of size n, o is obtained by dividing the range by 
the number c, in the table* 


n | Cn 
is 2.03 
10 3.08 
20 3.73 
30 4.09 
100 5:02 


tp = level exceeded with probability p/100 


A p-percent confidence interval is 
such that the quantity estimated falls 
within that interval p percent of the 
time. Intervals of this type can be 
deducted from a given sample for 
the mean yu and for the variance o of 
the parent population. 


0 
100 = §0 10 5 1 Q.1 0.01 
probability = pin percent 


Fig. 4—Student’s f distribution. For n de- 
grees of freedom, the ordinate on the curve 
labelled n is the value ft, exceeded, in 
For the mean: either direction, with a probability p/100. 


xX —s' tt» (n — 1) a [ee Xs ies, (n — 1) 
The function ty (n) is shown in Fig. 4. For instance, for a sample of size 5, 


*From: E. S. Pearson, “Percentage Limits for the Distribution of Range in Samples for a Normal 
Population,” Biometrika, vol. 24, pp. 404-417; November, 1932: see p. 416. See also, E. S. 
Pearson and H. O. Hartley, “Biometrika Tables for Statisticians,” volume 1, Cambridge Univer- 
sity Press, London, England; 1954: see table 22. 
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the 99-percent confidence interval is from 

xk — 46s’ tox + 4.65’ 

since to.o1 (4) = 4.6 

For the variance 

n /x7a-py2 (In — 1) € o? € ns?*/x?a4py/2 In — 1) 

The function x2, (n) has been defined previously and is shown in Fig. 3. 
For a sample of size 5, and a confidence of 90 percent, read on Fig. 3 
x75 (4) = 9.5 | 

x7 95 (4) c= Oe. 


Therefore the confidence interval is 
0.42s’2 < «2 < 57s’? 


in terms of the unbiased estimate s”2 of o: 


/ 5 
gs? = 7 3? 


Chi-square tes? . 


The problem is to find how well a sample taken from a population agrees 
with some distribution function assumed for that population. 


The range of x is divided into m regions and the number of sample points 
falling within each region is counted. Let f1,fo... f, be the result. From the 
assumed distribution and the size of the sample, the expected number of 
points in each region is computed: 91,92... Gm. The deviation between 
this and the actual result is expressed by 


Dies » (f; i 


If the f; are sufficiently large, say more than 10, this deviation is distributed 
according to the chi-square distribution with m-] degrees of freedom. The 
curves of Fig. 3 can be used to evaluate in percent the significance of a 
given deviation. 


If the assumed parent distribution is not completely known and r para- 
meters defining it have been determined to fit the sample, the number of 
degrees of freedom is reduced tom — 1 —r. 


PROBABILITY AND STATISTICS 99] 
Chi-square test continued 


Application: During 3 successive one-hour periods the number of telephone 
calls received at a station was 11, 15, and 23, while during 2 nonoverlapping 
two-hour periods it was 40 and 37. How does this agree with a Poisson 
process? 


Since the density v (the number of calls per hour) has not been specified, 
it is deduced from the sample 


y=(11+ 15+ 23+ 40+ 37)/7 = 18 
The deviation from the expected number is 


72/18 + 32/18 + 52/18 + 42/36 + 12/36 = 5.1 


For 5 — 2 = 3 degrees of freedom, this deviation is exceeded about 15 
percent of the time. The assumption of a Poisson process is therefore very 
good. It would have been significantly doubtful only if the deviation ob- 
tained was exceeded as rarely as 5 percent or less of the time. 


Monte Carlo method 


The Monte Carlo method consists of solving statistical problems, or prob- 
lems that can be interpreted as such, by substituting for the actual random 
experiment a simpler one where the desired probability laws are obtained 
by. drawing random numbers. 


Reading in order the digits in the table on p. 1114 is equivalent to successive 
trials where the result is one out of 10 equiprobable eventualities. Taking 
pairs of digits simulate 100 equiprobable eventualities. An event with 
probability of 63 percent may be simulated by the reading of successive 
pairs, considering as a “success,” any pair from 00 to 62. The successive 
pairs divided by 100 approximate a random variable uniformly distributed 
over the 0-to-1 interval. 


For a smoother approximation, 3 or 4 consecutive digits could be used. 


Given any continuous variate defined by its cumulative distribution function 
P(x), it can be simulated by solving P(x) = r;, where r; are successive random 
numbers uniformly distributed between 0 and 1. For instance, using pairs of 
digits read from p. 1114: 49, 31,.97, 45, 80..., the table on p. 1117 gives 
successive values of x: 0, —0.5c, 1.90, 0.lo, 0.80 that will be normally 
distributed about x = 0 with variance o?. This simulates the result of suc- 
cessive shots aimed at the point x = 0. 


To obtain accurate numerical results by the Monte Carlo method, a large 
number of trials should be used and elaborate tables or the help of com- 
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puting machines are necessary. There are cases, however, where only a 
crude evaluation is needed and it may be obtained even with a short table 
such as that on p. 1114. 


Problem: Airplanes arrive over an airfield at random, independently of 
each other, at the average rate of one per minute. The landing operation 
takes 3/4 minute and only one airplane can be handled at a time. Will 
many airplanes have to wait before landing? The cumulative distribution 
function for the interval t minutes between arrival of successive airplanes 
is 1 — exp — ft (see p. 1115). The successive intervals, during an imaginary 
experiment, may therefore be taken as t; = — loge (1 — r,), where r; are 
the random numbers uniformly distributed between 0 and |. This is equivalent 
to t; = — loger;. Starting at the top left of the table of p. 1114 gives 0.71, 
I'17, 0.03, 0:80; 0.22, 0,13, 0.25, 0.40,,0.37,, 0,46, 0.17, 0:15, 0:37 75a ieos ae 
2.21,0.17... for the successive intervals in minutes. It is apparent that after a 
few minutes airplanes will be waiting. A few other trials using other parts 
of the table show that this situation is not exceptional. The traffic density is 
too high. The problem could be made more realistic by assuming a normal 
distribution of the landing times, simulated for instance, as explained above. 


Random processes 


A random or stochastic process is a random experiment for which the result 
is a whole function y = f(t) instead of simply a number or a set of numbers. 
An example of random function is the continuous recording of the noise 
voltage across a resistor. When the independent variable f takes only 
discrete values 1,2...n..., the process is called a random series. 


The probability law for a stochastic process is defined by all possible 
probability distributions obtained by sampling the random function at a 
finite number of points. 


DIVE You Valin tec. laleOVidyas ed, 


is the probability that at the instants ty, for k from 1 to n, the value of the 
function is between yz and yz + dyx. 


The process is called Gaussian or normal when all these distributions are 
normal. 


The process is stationary when all the distributions are invariant by a shift 
in time: 


ply1, Yo..-Yn3t + te...t + th) = plyz, yo... Ynz ty fe... tr) 


i lO el 
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If, furthermore, the process is ergodic,* any quantity g [f] depending on the 
random function f(t) has a statistical average E [g [f] ] equal to the time 
average 


] fb 
av glf]| = lim | g(f) dt 
T—> «© T 0 


In this case, all properties of the process can be deduced from a single 
experiment giving the function f(t) from tf = 0 tot = oo. 


The process is fotally or purely random if samples taken at different instants 
are statistically independent of each other 


Ply1, Yo... Yai ty, tea... ta) = plyi; t) plya; te)... plya; tal 
Power spectrum 


For the power spectrum of a stationary random function, let 
T 
Frly) = | f(t) exp (—2zjvt) dt 
0 
be the Fourier transform of the given random function f(t) limited to the 


interval 0 to T. 


The power spectrum, or power density function is defined by 


1 
Wily) = lim = | Fel») |? 
To | 


The function W is defined for negative frequencies with 

Wl—v) = Wir) 

since for a real function f, 

Pel?) = F,*(y) 

Sometimes the spectrum is limited to positive frequencies by considering 


W' (pv) = 2 Wir) for »>0 
= Q fOr v0 


The power in a band 14? is 
v2 

| W’' ly) dp 
Vj 


*A process is ergodic if there is no subset of the functions generated that has a probability 
different from 0 and 1 and is stationary. 
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Correlation function 


The correlation function is defined by 


] oh! 
g(7) = lim +| f(t) f(t + 7) dt 
T—>- «0 T 0 


The functions ¢ and W form a pair of Fourier transforms: 


4c 
git) = | Wy) exp (2mjvt) dy 


+o 
Wy) = | glt) exp (—2mjvt) dt 


or also 


g(t) = | Wl») cos (2rvt) dp 
0 


W'(») = | glt) cos (2mvt) dt 


0 


The mean square of fit) is 


+0 fos} 
¢ (0) -| Wily) dv = | Wr) dv 


elt 0 


If the process is Gaussian it is entirely specified by its second-order proper- 
ties: power spectrum or correlation function. For instance ply1,ya; 0,t) is a 
bivariate normal probability density function with wir = pee = gl0) and 
His = git) 


Effect of a linear filter 
A linear filter is defined by its impulse response h(t) or by its transfer 


function H(v), Fourier transform of h(t). 


If the input to the filter is the random function f,(t), the output is the random 
function 


ig ett 


4+ 
fy (t) -| hit-7) fy(7) dr 


—o 
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Introducing the gain 

Gly) = |H(») |? 

the power spectrum of fo is 

W2 = GW, 

The correlation function of fe is 
Same © 1 


where g is the Fourier transform of G or 
+o 
g(t) = Alt) « h(—t) = | h(r) hlr + t) dr 


—o 
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Mm Fourier waveform analysis 


Fourier transform of a function 
The Fourier transform Fly) of the function f(x) is defined by the integral 


+o 
Fly) = | f(x) exp (— 2mjxy) dx 
The function f(x) can be deduced from Fly) by the inverse Fourier transform, 


+o 
f(x) = | Fly) exp (2ajxy) dy 


— co 


When x represents time, y is the frequency. Sometimes the radian frequency 
2my = w is used as a variable instead of y and the Fourier transform is 
expressed as 


+c 
{ol f(x) exp (— jwx) dx 
J 0 
Then 
F’(w) = Flw/2zm) 
and 


are bea 
f(x) = ~ | F’(w) exp Jax) dw 


Pee als 


The properties of the Fourier transform are listed in Fig. 1. For the Fourier 
transform of a random function see pages 998-999. 
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Fourier series 
SR 


Real form of Fourier series 


For a periodic function with period 27, defined by its values in the interval 
—r to +7 or 0 to 27, as illustrated in Fig. 2, 


n=0 


f{x) = = + » (A, cos nx + B, sin nx) x in radians 
n=1 


CH ens 
oe a ate C,, cos (nx + da) 
n=1 
where 
Ga = Ao 


C, = VA a Be 


on = fans i Bn/An) Fig. 2—Periodic wave. 


The coefficients Ao, An, and B, are determined by 


1 (7 ] 21 
Ao = — f(x) dx = — f(x) dx 


T T 10 


rae | 


T Qa 
Ane os f(x) cos nx dx = | f(x) cos nx dx 
ane T 


T 0 
1 {7 1 2a 

Bee = f(x) sin nx dx = — f(x) sin nx dx 
(fei Ne = Tw JO 


Arbitrary period 


For a periodic function with period T, defined by its values in the intervals 
—T/2 to +T/2 or from 0 to T instead of from —a to +7 or 0 to 27, the 
Fourier expansion is given by 


n= CO 


in) = 2+ ym 


n=1 


(4. cos 2n 7 + B, sin 2n Ex) 


and the coefficients by 


T/2 . 
A, = 2 f(x) cos ere dx = z f(x) cos 2: dx 
T 1k if re 


0 
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Fourier series continued 
PANEL ALI 


T/2 fb 
eee Gl sie ol til ey 
T T T T 


We 


Complex form of Fourier series 


For functions with period 27, 


n= +0 


f(x) = D Dn exp (jnx) 


n= -—@® 


where 


1 ft 
D, = x | f(x) exp (—jnx) dx 
2 4. 


1007 


and n takes on all positive and negative integral values including zero. 


For real functions 


D, = ¥ (An — jBn) = 4 Cn exp (j¢,) 
Dina @ (A, + jB,) = 4 C,. exp. —jdsb =. D*, 
Do css 4 Ao ose 4 Co 


For functions with an arbitrary period T 


ae 2n7x 
f (x) De ] 
te YS D.exp f =| 


ma=—© 


: Fly) ex | -1 | dx 
hele Falke ey 


Average power 


D, 


The average power of the periodic waveform f(x) is 


n=+0 


1 fH 
| | f(x) |2 dx = y Da]? 
T Jo 


3 
tl 
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Fourier series continued 


Odd and even functions 
If f(x) is an odd function, i.e., 
f(x) = —f(—x) 


then all the coefficients of the cosine terms (A,) vanish and the Fourier 
series consists of sine terms alone. 


If f(x) is an even function, i.e., 


fix) = f(—x) 


then all the coefficients of the sine terms (B,) vanish and the Fourier series 
consists of cosine terms alone, and a possible constant. 


The Fourier expansions of functions in general include both cosine and sine 
terms. Every function capable of Fourier expansion consists of the sum of 
an even and an odd part: 


= 0 


f(x) = eae An COS NX + Ms B,, sin nx 
2 n=1 =1 


ai ON 
even odd 


To separate a general function f(x) into its odd and even parts, use 


f(x) -+ f(—x) f(x) — f(—x) 


f(x) = aa + 5 
uU——_., ———~ ey 
even odd 


Whenever possible choose the origin so that the function to be expanded 
is either odd or even. 


Odd or even harmonics 


An odd or even function may contain odd or even harmonics. A condition 
that causes a function f(x) of period 2m to have only odd harmonics in its 
Fourier expansion is 


f(x) = —flx + 7m) 


A condition that causes a function f(x) of period 2m to have only even 
harmonics in the Fourier expansion is 
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Fourier series — continued 


f(x) = f(x + 7) 
These conditions are sufficient but not necessary. 
To separate a general function f(x) into its odd and even harmonics use 


f(x) + flix + 7) f(x) — fix + 7) 


{(x) = —_——__ + 
2 2 
——————— | Se ee 
even harmonics odd harmonics 


A periodic function may sometimes be changed from odd to even, and 
vice versa, by a shift of the origin but the presence of particular odd or 
even harmonics is unchanged by such a shift. 


Numerical evaluation 


If the function to be analyzed is not known analytically, a solution of the 
Fourier integral may be approximated by numerical integration. For instance, 
the period of the function is divided into 12 equal parts as indicated by 
figs. 


Fig. 3—Division of the period of 
the function for numerical solution. 


The values of the ordinates at these 12 points are recorded and the following 
computations made: 


Yo Y; Yo Y3 Ya Ys Ye 
Yu Y10 Y9 Y3 Y7 


Sum So Si Se S3 S4 Ss Ss 
Difference di de d3 da ds 
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Numerical evaluation continued 
RATS LEASES TEEN NE HTS ES PTOI LE 


The sum terms are arranged as follows: 


So Si Se a So Si 
Ss Ss S4 Se S3 
Sum oF oF Ss Ss S) Ss 


Diffe rence Do Dy De 


The difference terms are as follows: 


di de d3 

ds ‘ da Is; De 
Sum i co oh S De 
Difference Dg D4 Ds De 


The coefficients of the Fourier series are now obtained as follows, where 
Ao/2 equals the average value, the A; ... An expressions represent the 
coefficients of the cosine terms, and the B; ... Bz expressions represent 
the coefficients of the sine terms: 


Ao Sr+Ss 
2 damcsenD 
4, — Do + 0.866 Di + 0.5 De 
i 6 

Stet oSpcs us SieeoS, 
pe aA ais eR Mt Ae EN: 

6 

De 
Lelenaee 
ae 
4, _ $0 — 05S; — 05 & + Ss 
; 6 
a, — Do — 0.866 Di + 0.5 De 
; 3 
eae. 


12 


FOURIER WAVEFORM ANALYSIS 
Numerical evaluation — continued 
STAT EE SDAA EF LY LE EE EE FE) 


Also 


ue.5.51 + 0.86615: tS 


B 
: 6 


0.866 (Ds + Di) 
Bp = ———* +t 


6 
Ds 
2 ee A 
ie: 
0.866 (Ds— Da) 
=) Sa ee 
6 
a, — 0:5 Sa = 0.866 Ss + Ss 
Ls Se oie Se 


6 
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Pulse-train analysis 


If the pulse defined by the function glt) is repeated every interval T, a 
periodic waveform 


%=- 00 
y(t) = > g(t — nT) 


results with period T and repetition frequency F = 1/T (see Fig. SA, B). 


This pulse train may be expressed as a convolution product 


n=-+ 0 
yt) = | »> d(t — on | + g(t) 


n=—0 


and, applying properties 4 and 6 (Fig. 1), its Fourier transform is 


m=O 
at =+| welt - on | ct 


n=—0 


The function y(t) is represented by the Fourier series 


+0 
y(t) = Di D, exp (jnt) 


where 
D,:= (1/7) GlnF) 


The coefficients D, are obtained by sampling the pulse spectrum at frequencies 
multiple of the repetition frequency. 


The amplitude C, of the nth Nagase in the real representation (see 
p. 1006) is 


C, = 2 |D,| = (2/T) |GlnF) | 


By a translation 7 of the time origin, the D,, are multiplied by the factor 
exp (—2zjn7/T); the C, are not changed. 


The constant term of the series: 
Do => Ao/2 = C,/2 
is the average amplitude 


Aw = A/T = GI0)/T 
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Pulse-train analysis continued 
TA AE OE NE SE SI 


where 


; 
a= g(t) dt 
0 


is the area under one pulse. 


If the pulses do not overlap; i.e., if the function g(t) is zero outside of some 
period a to a + J; the energy in a pulse is — 


Fig. 5—The spectrum for pulse trains. Spectrums are in general complex functions. They are 
represented here by reai curves only to simplify the illustration. 


waveform | spectrum 


A. Single pulse 


g(t) G(f) 


B. Infinite periodic pulse train 


y(t) 
\e-— Gf) 
f=nF=n/T 
n 


C. Limited pulse train 


y(t) 
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Pulse-train analysis continued 


at+T +00 
eee | gtlt) ot = | IGIA |? df 


a 


The root-mean-square amplitude is 
Annas ep aee 


The average power of the pulse train is 


n=+o “00 
E/T = Aims = yd [D,|2 = 4 C2 + 3 (Ox 
n=—o ‘1 


A pulse train of finite extent, where all the pulses have the same shape and 
are spaced periodically may be represented as a product: 


n=+o 
yi) = hi» )) git — nT) 


n=-—o 
The function h(t) defines the envelope of the pulse train. 


The Fourier transform 


n=+o 
Yifl = - = Gif: yy HUF = oF 


n=—o 


may be interpreted, in the frequency domain, as a train of pulses having 
G(f) as an envelope and a form defined by H(f). See Fig. 5C. 


When hit) = 1, then H(f) is the 6 function. The pulse train is a periodic 
waveform having a line spectrum as explained above. See Fig. 5B. 


The Fourier series coefficients for a number of commonly encountered pulse 
trains are given in Fig. 6. 


When the pulse train is derived from a pulse listed in Fig. 6, the coefficients 
can also be read off the corresponding spectrum curve by sampling at 
values n/T of the frequency. 
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CHAPTER 36 | 025 


@ Maxwell’s equations 


General* 


The following four basic laws of electromagnetism for bodies at rest are 
derived from the fundamental, experimental, and theoretical work of 
Ampere and Faraday, and are valid for quantities determined by their 
average values in volumes that contain a very great number of molecules 
(macroscopic electromagnetism). 


Statement of four basic laws rationalized mks units 


a. The work required to carry a unit magnetic pole around a closed path 
is equal to the total current linking that path, that is, the total current 
passing through any surface that has the path for its periphery. This total 
current is the sum of the conduction current and the displacement current, 
the latter being equal to the derivative with respect to time of the electric 
induction flux passing through any surface that has the above closed path 
for its periphery. 


b. The electromotive force (e.m.f.) induced in any fixed closed loop is 
equal to minus the time rate of change of the magnetic induction flux og 
through that loop. By electromotive force is meant the work required to 
carry a unit positive charge around the loop. 


c. The total flux of electric induction diverging from a charge Q is equal 
to Q in magnitude. 


d. Magnetic-flux lines are continuous (closed) loops. There are no sources 
or sinks of magnetic flux. 


Expression of basic laws in integral form 


0 
a. | H-ds = | oes — i cpedbction + Ob 
0 Ot 


where 


| = a line integral around a closed path 
0 


ds = vector element of length along path 
H = magnetic-field vector 
dp = electric induction flux 


path of integration 


* Developed from: J. E. Hill, “Maxwell’s Four Basic Equations,” Westinghouse Engineer, vol. 6; 
p. 135; September, 1946. 
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Expression of basic laws in integral form continued 
(SEPERATED TA RE DY AL PAE A TLL TTS TS PS TRL RN SS I ORE TRE 


changing 


The time rate of change of ¢zg is written hangi 
with time 


as a partial derivative to indicate that 
the loop does not move (the coordinates 
of each point of the loop remain fixed 
during integration). E is the electric- 
field vector. 


%, 


path of integration C 


c | D-dS = Q 


where 


S = any closed surface 


dS = vector element of S 
D = vector electric-flux density 
Q = the net electric charge within S 


and the integral indicates that D-dS$ 
is to be calculated for each element 
of S and summed. 


total surface 
total charge inside S$ 


Own 
I i 


d. | Bas =o 


where 


B = vector magnetic-flux density. 


B lines are closed curves; as many enter 
region as leave it. 
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Basic laws in derivative form continued 
OSD RASS SE TTL AT ATR AE ENS 


Notes: 
For an explanation of the operator V (del) and the associated vector opera- 


tions see p. 1086 in the “Mathematical formulas’ chapter. 


farad/meter | in the rationalized meter-kilogram-second 
system of units. 


€0 


T3610? 
uo = 4a X 10-7 henry/meter 


Maxwell's equations result in the law of conservation of electric charges, 
the integral form of which is 


I = — 0Q,/ot 
Q,; = net sum of all electric charges within a closed surface S 


I = outgoing conduction current 


and the derivative form 

div j, = — Op/dt 

Boundary conditions at the surface of separation between two media | and 
2 are 


. fo} 
Her — Mir = js X N12 Bey — Biy = 0 
Eo, a Ei; 0 Doy ae Diy me U. 


Subscript T denotes a tangential, and subscript N a normal component. 


N°,,2 = unit normal vector from medium 1 to medium 2, which is the positive 
direction for normal vectors 


js = current density on the surface, if any 


o = density of electric charge on the surface of separation 


Retarded potentials —H. A. Lorentz 


Consider an electromagnetic system in free space in which the distribution 
of electric charges and currents is assumed to be known. From the four 
basic equations in derivative form: 

+) = OH 


curl H = j, + o — curl E = — & — 
a aay ° at 


divH =0 div E=% 
€0 
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Retarded potentials continued 


two retarded potentials can be determined: 
1 * - 
p dV 1 | de ay 


o 7 


one scalar, @ = —— one vector, A =— 
4té) }o I 1 


The asterisks mean that the values of the quantities are taken at time t — r/c, 
where r is the distance from the location of the charge or current to the 
point P considered, and c = velocity of propagation = velocity of light 


rae 1/V enpto e 
The electric and magnetic fields at point P are expressed by 


H = curl A E = —grad ¢ — wo 


Fields in terms of one vector only — Hertz vector 


The previous expressions imply a relation between ¢ and A 


Consider a vector II such that A = OII/dt. Then for all variable fields 


od = Bere TI 


€0 


The electric and magnetic fields can thus be expressed in terms of the 
vector II only 
oll 


H = curl — 
Ot 


1 d7II 
E = — grad div II — po — 
€0 . i a or? 


Poynting vector 


Consider any volume V of the previous electromagnetic system enclosed 
in a surface S. It can be shown that 


0 ae oH? 
—| E-j;dV= — aa ee ee E 
|, j a heh 5 9 ) V + flux, EX H 


The rate of change with time of the electromagnetic energy inside V is 
equal to the rate of change of the amount of energy localized inside V 
@ 


1030 cuaerer 36 


Poynting vector continued 
(ERTL A TO TE 


plus the flux of the vector E XH through the surface S enclosing said 
volume V. The vector product E X H is called the Poynting vector. 


In the particular case of single-frequency phenomena, a complex Poynting 
vector E X H*® is often utilized (H* is the complex conjugate of H). It can 
be shown that 


vere x ** * 
=| EE av = aja | (we Se ee 
v Vv 


4 4 2 


This shows that in case there is no conduction current inside V and the 
flux of the complex Poynting vector out of V is zero, then the mean value 
per period of the electric and magnetic energies inside V are equal. 


Superposition theorem 


The mathematical form of the four basic laws (linear differential equations 
with constant coefficients) shows that if two distributions E, H, i, p, and 
E’, H’, j.’, p’, satisfy Maxwell's equations, they are also satisfied by any 
linear combination E + XE’, H + AH’, jc + Asc’, and p + Ap’. 


Reciprocity theorem 
FER TREE SSD POE RE EE TREE 


Let j. be the conduction current resulting in any electromagnetic system 
from the action of an external electric field E,, and j,.’ and Eq’ be the 
corresponding quantities for another possible state; then 


| (Eg-j-’ — Ea’: ji.) dV = 0 


This is the most useful way of expressing the general reciprocity theorem 
(Carson). It is valid provided all quantities vary simultaneously according 
to a linear law (excluding ferromagnetic substances, electronic space charge, 
and ionized-gas phenomena). A particular application of this general 
reciprocity theorem will be found on p. 132. 


Maxwell’s equations in different systems of coordinates 
SR SS a 28 ETI TASS ISBT SORT EEL SIT TSE BESS PEED SEE RAL RE REL ELT EE DN, EE LETT LE TE ED 


When a particular system of coordinates is advantageously used, such as 
cylindrical, spherical, etc., the components are derived from the vector 
equations by means of the formulas included in the chapter “Mathematical 
formulas," pages 1088 and 1089. 


Mensuration formulas 


Areas of plane figures 


figure 


Parallelogram 


a 


a 


Trapezoid 


Triangle 


+e ——» 


Regular polygon 


| 


Area 


Area 


Area 


Area 


CHAPTER 37 03] 


@ Mathematical formulas 


formula 


bh 


thla + b) 


° 


n 

On 
S? cot ae 
n 6 360° 

sin 

n 
number of sides 
short radius 
length of one side 
long radius 
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Mensuration formulas continued 
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figure | _ formula 
Circle 
Area = mr? 
r = radius 
w = 3.141593 


Segment of circle 
b Area = 4[br—c(r—h)] 


b = length of arc 
length of chord 
eg = V4 (2hr—h?) 


o 
I 


Sector of circle 


Area = of mr? wa 
2 360° 


Parabola 


| 
igo ONL eea ea 
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Mensuration formulas continued 
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figure | formula 


Ellipse 


Area = rab 


Tespecium 
y ay he Area = 4[a(hi + ho) fh bhy + che] 
pe Nt 
nas fp— 2a} ee 


Approximate area of irregular plane surface 


\! 2 3 4 n-3 n-2 n-1 


Trapezoidal rule ae 


Area ~ A(2 + ye + + DPN + yaa + yn + 2) 


4 


Simpson's rule: n must be odd 
Area = Ar + Ayo + 2y3 + 4y4 + 2ys bt .... HB 2Bn-2 + 4y¥n-1 + yn) 


Yu Ya Y3 «+ » Yn = measured lengths of a series of equidistant parallel chords 
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Mensuration formulas continued 
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Surface areas and volumes of solid figures 


figure | | formula 
Sphere 
Surface = 4mr? = 12.5664 r? = ad? 


+o} Voluaie <= =e = 4.1888 3 


Sector of sphere 


Total surface = s (4h + oc) 


Qarzh 


= 2.0944 r*h 


AF “a oe 
3 4 


Cus oN Ati 


Volume 


Segment of sphere 


Spherical surface 2arh = y (c? + 4h?) 


© Volume =!xh? (ir 
he ye. olume Tv (- *) 


Se \ 
C 


Cylinder Cylindrical surface = adh = 3.1416 dh 


Total surface = 2ar(r + h) 


LI Volume = ar2h = 0.7854 d*h 
2 
= ou = 0.0796 c*h 
4a 
c = circumference 
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Mensuration formulas continued 


figure | formula 


Torus or ring of circular 


cross-section Surface = 4m? Rr = 39.4784 Rr = 9.8696 Dd 
+) Volume == 27? Rr? = 19.74 Rr? 
‘ = 2.463 Dd? 


D = 2R = diameter to centers of cross- 
section of material 


r=d/2 
d 
Pyramid Ah 
Volume = os 


When base is a regular polygon: 


2 Volume = : | (to 8 )] 
a 3 2n 
hi h 


= ( 360° 
== 1 COT 
O14 2n 


area of base 
number of sides 
r = short radius of base 


> 
I 


5 
I 


Pyramidal frustum 


Volume = 2 (0 tA 4/ 6A} 


esd | 4 


1 


Cone with circular base 


area of base 
area of top 


Conical area = ars = ENA EE + h? 


pe Volume zen 
(bee s 
0 aa 


slant height 
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Mensuration formulas continued 
EA A ALE I TT NL 


figure | formula 
Conic frustum Volume = mh (R2 + Rr + r?) 
3 
M ah Rs es 
3S°\.R—Fr 


it == r+ dd +09 
(=) ao] 
fee er yey 
Pua 3 
Area of conic surface = = (D + d) 


uN sd s( d ) 


¥-§ om\ = C=s+ plies oe ae 
£ 9 — 180D _ 180 (D — d) 
| D Bal & s 
A = area of base a = area of top 
R= D/2 r=d/2 
s = slant height C = slant height of 
of frustum full cone 


Wedge frustum 


sl 


Sia +b) 


Z Volume 


ca ; 


height between parallel bases 


mu 


Ellipsoid 
D 2 
Volum eat oon 
se a 
a 0 ad 9 2 — 2 

re } 0.053 a? Dd 0.5231 Dd 

| ma 
Paraboloid 


2 
ae Volume = m = 1.5707 rh 
ne Curved surface = 0.5236 zy [(r? + 4 h2)8/2 — 5] 


MATHEMATICAL FORMULAS 
Algebraic and trigonometric formulas including complex quantities 
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Quadratic eqoation 
If ax? + bx + c = 0, then 


—b+ Rebs = 4ac 
2a 


- a Ee 
2a 2a a 


provided thata # 0 


Arithmetic progression 


l=at+(n—l1)d 


S= Flat 
2 
= — [2a + (n— 1) d] 
n 
where 
a = first term 


common difference 
= value of any term minus value of preceding term 
] = value of nth term 


= sum of n terms 


Geometric progression 


ie or 
alr”? — I. 
$s = ——— 
r— 1] 
where 


a = first term 
] = value of the nth term 


r = common ratio 


the value of any term divided by the preceding term 


S = sum of n terms 


103) 
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Algebraic and trigonometric formulas continued 


Combinations and permutations 


The number of combinations of n things, all different, taken r at a time is 


Cp (nn AN OE i al es ae 
co SeriSinss Rel, aly oa ie ae eae <a 


The number of permutations of n things r at a time is 


| 
GET au pp eerie oe. (i yee lig) ie nee 


(in — r)! 


Pes onl 


The number of combinations, with repetition, of n things taken r at a time is 


pa a) cS a olor igen) ~.. Intr—d) 
: rin — 1)! ly ORS aoa eae EF 
Factorials 
KoA POS les ly 4s eo or6e fee Pee Corned 9 | 10 
xi | 1 [epeed6 24 | 120°) 720 "| 5040. | 40/820" | 362,880) ea eee es 


For x > 10, Stirling's formula may be used, with an error not exceeding 
1 percent, as follows 


xl = x® e® V 20x 

If common logarithms are used for computing x, 
log (x!) = (x + $) log x — 0.43429x + 0.3991 
For example, if x = 10, 


x+4 


logx = I 


10.5000 


log (x!) =10.5000 — 4.3429 + 0.3991 = 6.5562 


x! = 3.599(10)® = 3,599,000 
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Algebraic and trigonometric formulas continued 
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Gamma function 


x! = T (x + 1) 
T(x +1) =xT (x) 
O=T il) =1 


Paar = 0h) = 44 = 1.772 
(2)! = TQ) = 22/2 = 0.886 


ip WeovSr ee 1) 
(in+ 4)! = 71? a 


Binomial theorem 
(a + b)® = g?+ na”™—1b +- “ q”™—2h2 + a q”—3p3 + tae 


If n is a positive integer, the series is finite and contains n + | terms; other- 
wise, it is infinite, converging for |b/a| < 1, and diverging for |b/a] > 1. 


Complex quantities 


In the following formulas all quantities are real except J] = Ae 
(A + jB) + (C+ yD) = (A+ OC +4 j(B + D) 
(A + jB) (C + jD) = (AC — BD) + j(BC + AD) 
A-+ jB AC+ BD BC — AD 
C4701? (Gf De Ages 'p? 
1 *, A we) B 
A+ iB A? + B® A? + B? 
A + jB = plcos @ + jsin 6) = pe® 


VA + j= Vo (cos $ + isin 3) 


where ¥ 
p= VA?+ B? >0 
cos 6 = A/p 


sin 0 = B/p 
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Algebraic and trigonometric formulas continued 
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Properties of e 


ese Beh yolin 1/7 3I-Pn Lee or i928 
1/e = 0.367879 
e~* = cosx + jsinx = exp (jx) 
logio e = 0.43429 logio (0.43429) = 9.63778— 10 
loge 10 = 2.30259 = 1/logine logio le”) = n(0.43429) 


loge N = loge 10 X logio N 


logio N = login e X loge N 


Trigonometric identities 


1 = sin?A + cos? A = sin AcosecA = tanAcotA = cos AsecA 


es oe = cos A'tan A = EV | cose 
cot A cosec A 
sin A ; z 
cosA = —— = — = sinAcotA = +V1 — sin? A 
an A secA 
Sy aga) a SIDA ae obs 


sin (A + B) = sin A cos B + cos A sin B 
cos (A + B) = cos Acos B ¥ sinA sin B 


fan’ Avo tanh y fan, A-conpesaal 


tan (A + B) = ——————_ = 
1 + tan A tan B cot B F tan A 
SORIA do Bi eo eae cot A + tanB 
cotB+cotA 1+ cotA tanB 
7) oe Ry 
SA ae = 
2j 
jA _jA 
cosA = = es 


Plaga 
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Algebraic and trigonometric formulas continued 
SELES ELLE LILLIE DE ED EL IDET LS TED A TELE LEE NIE PIO SV VED TA ED A EALERTS 


sin A + sin B = 2 sin 4 (A + B) cos 4 (A — B) 
sin A — sin B = 2 cos $ (A + B) sin § (A — B) 
cos A + cos B = 2cos $ (A + B) cos 3 (A — B) 
cos B — cos A = 2 sin $ (A + B) sin 3 (A — B) 


FALE tan Be oo 
cos Acos B 
Bee cot pe 2 ee AL 
sin A sin B 


sin? A — sin? B = sin (A + B) sin (A — B) 
cos? A — sin? B = cos (A + B) cos (A — B) 
Sea. 2 sin'A cos A 
cos 2A = cos? A — sin? A 


2 tan A 


ian ZA = 
1 — tan? A 


sin 3A = 3sinA — 4 sin?A = sin A (4 cos?A — 1) 


cos 3A = —3cosA+ 4 cos’A = cosA (1 — 4 sin?A) 
aos 
Paar a tan A tan?A 
1 — 3 tan?A 
sin A + msin B = psinC 
with p>? = 1 + m+ 2mcos (B — A) 
and tan (C — A) = ce Ara 
1 + mcos (B — A) 
ee, |) coe oe Win My eco, 
‘ 2 2 
in A 1 — cos 2A 
A ee sin? A = ——————_ 
ian 1+ cosA 2 
1+ cos 2A 1 — cos 2A 


A SE Sah a tan? A = —————_ 
gos. A 2 at 1 + cos 2A 
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Algebraic and trigonometric formulas 
ERRATA ANH ARREARS PERSE I EH TEL NT CE CT LE TD 


Biodiesel yal 4 hae 
cos A -+ cos B 


sinh Aya Sia Dau, 
cos B — cosA 


|= 


cot 3 (A + B) 


sin A cos B = ¥ 
1 
2 


cos A cos B = 


continued 


[sin (A + B) + sin (A — B)] 
[cos (A + B) + cos (A — B)] 
[ 


sin A sin B = 3 [cos (A — B) — cos (A + B)] 


sinx + sin2x + sin3x +... + sin mx = 


cos x + cos 2x + cos3x +... + cos mx = 


sin % x 


sin 4 x 
2 
; : . ; sin? mx 
sinx + sin3x + sin 5x +... + sin (2m — 1) x = ——— 
sin x 
sin 2mx 
cos x + cos3x + cos5x +... + cos (2m — 1) x = 
2 sin x 
sin (m + 4) x 
14 cosx +cos2x+... + cos mx = ———— 
Z SIN, aaX 
angie. {..0i | 30°. | .45° [60° 4 {90° “ly 180° "(270% 
sine 0 Yo Yo v2 yV3 1 -0 —1) 
cosine 1 Yo V3 VyV2 Va') 0 —1 0 
tangent 0 UV3 1 V3 “+ co 0 “+ @ 


versine: vers 6 = 1 — cos @ 


haversine: hav 6 = 4 (1 — cos 6) = sin? $0 


Approximations for small angles 


Sieh dy eae oe 
tan 6 = (6 + 69/3...) 7 6 in radians 
cos O= (1) 3/2). 1 


sin 4 mx sin ¥ (m + 1) x 


sin 3 mx cos 3 (m+ I) x 


| 360° 


0 
] 
0 
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Algebraic and trigonometric formulas continued 
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with less than l-percent error up 
to 6 = 0.24 radian = 14.0° 


sin 6? = @ 
with less than 10-percent error up 
io 6 = 0.78 radian = 44.5° 
with less than ]-percent error up 
to 6 = 0.17 radian = 10.0° 

tan 6 = 8 


with less than 10-percent error up 
to 6 = 0.54 radian = 31.0° 


Plane trigonometry 
A AS EL 


Right triangles C = 90° 
B= 90° —A 
p= cos’ = a/c 
tanA= a/b 
2 = q? + b? 
2) 74 an 


area = dab = 4a (2 — a?)* = §a* cot A 


=ib*tanA = 3c? sinAcosA 


Oblique triangles 
Sum of angles 


A+B+C = 180° (1) 


Law of cosines 


a = b? + 2 —2becosA 
b? = 2+ a? — 2cacosB 
C2 = aq? + b? — 2 abcosC 


cos A = (b? + 2 — a?)/2 be 
cos B = (2 + a — b?)/2 ca 
cos C = (a? + b? — 2/2 ab | 


B 
¢ a 
A D Cc 
B 
eax 
A ' C 
(2A) 
(2B) 
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Plane frigonometry continued 


Law of sines 


ay sin Al b/ sin Ba== ¢/ singe (3) 


Law of tangents 


a —b_ tan§ (A — B) 
a+b tan4 (A-+ B) 
b—c __ tan} (B —C) (4) 
b+c tan4 (B+ C) 
c—a_ tang (C — A) 
cta tan} (C+ A) 


Half-angle formulas 


ous 
Ci a ae B 
B r A/2 
ts (5) 
le ea 
A Cc 
C r }*+— p-a —>} 
tan = = 
2 p-c 
where 
2p=a+b+e 
r= [lp als [p — b) (p — c)/p|” 
Area 
S$ = 4bcsinA = 4 casinB = 4 ab sinC (6A) 
S*=Ipiip— ah (p'— bi ip = 7 (6B) 
eon 5, GUNES alpivr St diate 
Fe Me singAr iy Ce meeineB 
(6C) 


¢? sin A sin B 
2d SG 
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Plane trigonometry continued 


To solve an oblique triangle 


given | use to obtain 
(1) A 
a BG (3) bec 
(6C) S 
(1) B+C 
hence 
Abc (4) cer odd 
(6A) S 
(5) or (2B) ABC 
atbic —_ $$ —_|——_—_——— 
(6B) S 
(3) and (1) B Orc 
abA 
ambiguous case (6A) S 


Spherical trigonometry 


Right spherical triangles (y = 90°) o 


cos ¢ = cosacos b = cot acot 8 


cos a = sin B cosa = tan bcotc b 
cos 8B = sin a cos b = tanacotc B 
sin a = sinc sina = tanbcot B ei r 
sin b = sinc sin 8 = tanacota 
Oblique triangles ro 
Law of cosines 
. b 
cos a = cosbcosc-+sin b sinc cos a@ 
cos b = cosccosa+sincsinacos B -lZA) 2 


cos c = cosacosb~+ sina sin b cos y rr) 
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Spherical trigonometry continued 
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cos a = —cosPcosy-+sin B sin y cosa 
cos 8 = —cosycosa-+ sin y sin acos b 
cos y = —cosacos8-+ sin asin B cosc 


Law of sines 


sin a sin b sin c 


SS eS SS eS eee 


Napier’s analogies 


sing (a — 8) _ tan} la — b) 
sind la + 6) tan} c 
ence lon 8) waetan. 2 \a = ib) 
cos#la+ 6) — tanzéc 
sin3 (a — b) _ tan 3 la — 8B) 
sind la +b) cots ¥ 
cose lon— bl yiian a tata 
cos#la +b) cots ¥ 


Half-angle formulas 


: a tan r 
if 2 oem (po — a) 
B tanr 
mea sin (op — b) 

Y tan r 
tan = = 


De Sindilon —c) 


20 =a+b-+cand 


sin (op — a) sin (p — b )sin (p — o) 
in. ee 
sin p 


(7B) 


(8) 


(9A) 


(9B) 


(2G) 


(9D) 


(10A) 
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Spherical trigonometry continued 


ey 2. ¢sin(p.—,b) sin fp — c) 
ae a, sin b sinc 

,@ _ sinp sin (op — a) 
ane 52 sin b sinc 
Peer gee eee — PI sin Ip 
‘al Dem sin p sin (p — a) 


and formulas obtained by permu- 
tation for B and y. 


Half-side formulas 


a = tanR sin (a — &) 
b = tanR sin (8 — E&) 
tan 4c = tanR sin ly — E) 


tan 


Nie vole 


tan 


where 


ever BP yor 
is the spherical excess and 
snc 


Rees io of) sinh, Ebsin ty = 6 
a sin E sin (E — a) 
ci a sin B sin y 
Pas) sin (EF — 8B) sn (E — y) 
ie Da). sin B sin y 
(ace Oe sin E sin (E — a) 


2 sin (E — B) sin (E — y) 


and formulas obtained by permu- 
tation for b and c 


Area 


1047 


(10B) 


(11A) 


(11B) 


On a sphere of radius one, the area of a triangle is equal to the spherical 


excess 2E=a+B+y-—MT 


tan? 4 F = tan 3 p tan 3 (p — a) tan % (p — b) tan 3 (p — a) 


(12) 
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Spherical trigonometry continued 


To solve an oblique triangle* 


given | use | to obtain 
abc (10) aBby 
aBy (11) GaiG 
aby (9) a+ £B, hence a, B, then c 
a Bc (9) a + b, hence a, b, then vy 
(8) B 
aba 
ambiguous case (9) cy 
(8) b 
aBa 
ambiguous case (9) CHy 


Hyperbolic functions{ 


h i, er — e * 
TOY soe RCT 
h ry z+ @-2 
cosh x = 5 
sinh x 1 — exp (— 2x) l 
fORNL x) Se ee 
cosh x 1-+ exp (— 2x) coth x 
sech x = I/cosh x. 


esch x = 1/sinh x 
sinh (—x) = —sinh x 
cosh (=x) = cosh x 


*See also great-circle calculations on pp. 732-739. 


tTables of hyperbolic functions appear on pp. 1111-1113. 
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Hyperbolic functions continued 
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tanh (— x) = — tanh x 

coth (— x) = —cothx 

sinh jx = j sin x 

cosh jx = cos x 

tanh jx = j tan x 

coth jx = — jcotx 

cosh? x —‘sinh? x = | 

1 — tanh? x = 1/cosh? x 

coth? x — 1 = 1/sinh? x 

sinh 2x = 2 sinh x cosh x 

cosh 2x = cosh? x + sinh? x 

sinh (x + jy) = sinh x cos y + j cosh x sin y 
cosh (x + jy) = cosh x cos y + j sinh x sin y 


tanh x + tanh y 


Fs SD ae ] + tanh x tanh y 


If y = gd x (gudermannian of x) is defined by 
Xx * eee an A 9 

then 

sinh x = tan y 

cosh x = sec y 

tanh x = sin y 


tanh (x/2) = tan (y/2) 
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Hyperbolic trigonometry 
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Hyperbolic (or pseudospherical) trigonometry applies to triangles drawn in 
the hyperbolic type of non-Euclidean space. Reflection charts, used in 
transmission-line theory and waveguide analysis are models of this hyper- 
bolic space.* 


Conformal model 


The space is limited to the inside of a 
unit circle I’. Geodesics (or “straight 
lines’ for the model) are arcs of circle 
orthogonal to I’ as shown in _ sketch 
at right. The hyperbolic distance be- 
tween two points A and B is defined by 


BI Al 
BJ AJ 


[AB] = log, 


Conformal model. 


where I and J are the intersections with I’ of the geodesic AB. The distance 
[AB] is expressed in nepers. For engineering purposes, a unit, corresponding 
to the decibel and equal to 1/8.686 neper, is sometimes used. 


As this model is conformal, the angle between two lines is the Ordinary angle 
between the tangents at their common point. 


Projective model 


The space is again composed of the 
points inside of a circle IT’. Geodesics 
are straight-line segments limited to 
the inside of I. (UJ in sketch at right.) 


The hyperbolic distance (AB) is de- 
fined by 


(AB) = % loge Gi : * 


* G. A. Deschamps, “Hyperbolic Protractor for Microwave Impedance Measurements and 
Other Purposes." International Telephone and Telegraph Corporation, 67 Broad Street, 
New York 4, New York; 1953. 


Projective model. 
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Hyperbolic trigonometry continued 


and can be measured directly by 
means of a hyperbolic protractor. The 
angles for this model do not appear in 
true size, except when at the center 
of I. An angle such as BAC, when it is 
considered in reference to the pro- 
jective model, will be called an elliptic 
angle. It can be evaluated, as shown 
in the sketch at the right, by pro- 
jecting B and C through the hyperbolic 
midpoint of OA onto B’ and C’ on the 


circle I, then measuring B’/OC’ as in 
g 


P Construction of angle on projective model. 
Euclidean geometry. 


The two models drawn inside the same 
circle I’ can be set into a distance-pre- 
serving correspondance by the transform- 
ation: “B(M) = M’ defined by 


[OM] = (OM’) ° 
or in terms of ordinary distances 


OM’ = 20M/(1 + OM?) 


The hyperbolic distance to the center 
O being denoted by u: 


Correspondance between the two models. 
OM = tanh (u/2) 

and 

OM’ = tanh u 


The points on I are at an infinite distance from any point inside I’. 


In the following formulas, the sides are expressed in nepers, the angles in 
radians. The three points A,B,C are assumed to be inside the circle I’. 
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Hyperbolic trigonometry continued 


Right hyperbolic triangles (y = 90°) 


cosh c cosh a cosh b 


cosh c = cot a cot B 


cos a = sin B cosha 


= ¥ann O° coin c 


cos B = sin a cosh b 


=“tanhd coith c 


When B is at infinity, i.e., on T 


cos A tanh b 


cotA sinh b 
cosec A = cosh b 
tan 3A = exp b 


OF 


(7/2) —A=gdb 


(See definition of gd on p. 1049.) 


Projective representation of right hyperbolic 
triangle. 


Conformal representation of right hyper- 
bolic triangle with B at infinity. 


CB and AB are “parallel,”’ A is also called angle of parallelism and is noted 


by 


A 


[] tb) 


7/2 —gdb 
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Hyperbolic trigonometry continued 
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Oblique hyperbolic triangles 


Law of cosines 


cosh a = cosh b cosh c — sinh b sinh c cos @ and permutations (13A) 
cos a = —cos Bcos y + sin B sin y cosh a and permutations (13B) 
oe 
Law of sines 
sinha sinh b sinh c 
oS (14) b 
sin @ sin B sin Y 
B 
a 

Napier’s analogies fi 
. 1 -. a ha ) 
sin 3 la — 8B) 5: tanh 3 2 b) (15A) 
sin 3 la + 8B) tanh 3c 
cos # (a — 8) _ tanh 3 (a + 5) 15) 
cost la+ 6) tanh 4c 
inh 2 = 1 a 
sinh § (a — b) z tan 3 ie 6) U5C) 
sinh 4 (a + b) cot 3 ¥ 

1 1 
cosh ¥ (a — b) tan 4 (a + 8) (15D) 
cosh § la + b) cot 4 ¥ 
Half-angle formulas 

a tanh r 
ah 2 sinh (p — a) 

and permutations where 

ea ae : (16A) 
and 

pirat pil sinh (p — a) sinh (p — b) sinh (p — c) 


sinh p 
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Hyperbolic trigonometry continued 


sinh (ob — b) sinh (p — c) 


a) 1 we 
Taal sinh b sinh c 
sinh p sinh (p — a) 
Vy Gs ate etl ek Olde ae 
oie sinh b sinh c lee 
Se __ sinh (p — 6) sinh (p — c) 
aah ies sinh p sinh {p — a) 
Half-side formulas 
f Oia coth R 
OE Dummett eer 
and permutations where 
2A =i Sra 8. any (17A) 
is the hyperbolic defect and 
Parga sin A 
ee Ee nA ecient eC alien nee 
sin A sin (A + a) 
HE Oh pe (pee na Sires toh ee EL So 
Ue fg sin 6 sin y 
in (A ) sin (A ) 
ssh My ec a ICL (178) 
sin B sin y 
sin A sin (A + a) 
tanh? 4.q = = 
sin (A + £B) sin (A + y) 
Area 
The hyperbolic area of a triangle is equal to the hyperbolic defect. 


2A=7-la+6+y7) (18) 


To solve an oblique hyperbolic triangle 


Solution of an oblique hyperbolic triangle is analagous to that for. an 
oblique spherical triangle, as follows. 
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Hyperbolic trigonometry continued 


given | use | to obtain 
abc (16) aBy 
aBby (7k | abe 
aby (15) a + B, hence a, B, then c 
aBc (15) a + b, hence a, b, then y 
(14) B 
abe er 
ambiguous case (15) cy 
(14) b 
aBa ——— 
ambiguous case (15) Cary 


Plane analytic geometry 


In the following, x and y are coordinates of 
a variable point in a rectangular-coordinate 
system. 


Straight line 


General equation 


Ax + By +C=0 
A, B, and C are constants. 


Slope-intercept 


Slope-intercept form 


y=sx+b 
b = y-intercept 
s = tan @ 


Intercept-intercept form 


Sony 
eee a 
cp 


a 


x-intercept 


a 
b 


y-intercept Intercept-intercept 
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Plane analytic geometry continued 


Point-slope form 


y— yi: = slx — x) 
s = tan 0 
(x, yi) = coordinates of known point 
on line. 


Point-point form 


Yen YY A eee 
Vian ye Xj — Xe 


Point-slope 


(xi,yi) and (x2,y2) are coordinates of two different points on the line. 


Normal form 

A B C 
—_— x + ——— + — = = 
+VA?+ B82 4£VAP4 B20 4VA2 + B? 
the sign of the radical is chosen so that 


anata Sia! 
+V A? + B2 


Distance from point (x;,y1) to a line 


Substitute coordinates of the point in the normal form of the line. Thus, 


A B C 
OE XI ok or a VS 
VA? + B? V/A? Be +V Az + BP 


distance = 


Angle between two lines 


Si 75S9 


t = —— 
ane 1 + sise 


where 


@ = angle between the lines 
Ss; = slope of one line 
se = slope of other line 


When the lines are mutually perpendicular, tan ¢ = ©, whence 
S14 aae 1/se 
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Plane analytic geometry continued 
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Transformation of rectangular coordinates 


Translation 


x =ht+ x 
yi=kt+ye 
X2 = x1 —/h 
yo = yi —k 


(h,k) = coordinates of new 
origin referred to old origin 


Rotation 
X1 = X2 cos 6 — ye sin 8 
yi = Xo sin 8 + ye cos 8 
X2 = x, cos 86 + yi sin 0 


Vou — x, sin @ + y; cos 8 
(xz,yi) = “old” coordinates 
(x2,ye) = ‘new’ coordinates 


68 = counterclockwise angle of 
rotation of axes 


Circle 


The equation of a circle of radius r with center at (m,n) is 
(x — m2? + ly— n)? = 2’? 
Tangent line to a circle: At (x:,yi) is 

Meena int 


yin e- ee 


=i = (x — xy) 


Normal line to a circle: At (xz,y1) is 


be eae 8 
DG lb meri FL) 


y-yvyn= (x — x) 


Parabola 
x-parabola 
(y — k)? = +2p (x — A) 


where (h,k) are the coordinates of the vertex, and the sign used is plus or 
minus when the parabola is open to the right or to the left, respectively. 
The semilatus rectum is p. 
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Plane analytic geometry — continued 
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y-parabola 

(x — h)? = +2p ly — k) 

where (h,k) are the coordinates of the vertex. Use plus sign if parabola is 
Open above, and minus sign if open below. 

Tangent lines to a parabola 

(x,yi) = point of tangency 


For x-parabola, 


yr-y=t (x — xj) 


Lae 
Use plus sign if parabola is open to the right, minus sign if open to the left. 
For y-parabola, 


a6 
Xie 


yr-n=t (x — xj) 


Use plus sign if parabola is open above, minus sign if open below. 


Normal lines to a parabola 
(xz,y1) = point of contact 
For x-parabola, 


View ok 
p 


Y= Vi —sa5 (x — x) 


Use minus sign if parabola is open to the right, plus sign if open to the left. 


For y-parabola, 


y-yn= + as pk xl 


XL oor 


Use minus sign if parabola is open above, plus sign if open below. 
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Plane analytic geometry continued 
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Ellipse 


Figure shows ellipse centered at origin. 
Foci: F,F’ 
Directrices: D,D’ 


e = eccentricity < | 
2a = A’A = major axis 


2b = BB’ = minor axis 
2c = FF’ = focal distance 
Then 
OC = a/e 
BF =a 
FC = ae 
1 — e? = b?/a? 


Equation of ellipse 


Sum of the focal radii 


To any point on ellipse = 2a 


Equation of tangent line to ellipse 


(x,yi) = point of tangency 
mm YA 
ne a 


Equation of normal line to an ellipse 


a’y, 
es, ee 


060 CHAPTER 37 


Plane analytic geometry — continued — 


Hyperbola 
Figure shows x-hyperbola centered at origin. 
Foci: F,F’ 


Directrices: D,D’ 


e = eccentricity > 1 
2a = transverse axis = A’A 


CO =da/e 
CF = ae 


Equation of x-hyperbola 


x2 y? 
= ae 
where 


b? = q? (e? — }) 


Equation of conjugate (y-) hyperbola 


Tangent line to x-hyperbola 


(xvi) = point of tangency 


a’yiy — b2x1x = —a*b? 


Normal line to x-hyperbola 


Asymptotes to hyperbola 


b 
y=-+-x 
a 
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Solid analytic geometry 
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In the following, x, y, and z are the coordinates of a variable point in space 
in a rectangular-coordinate system. 


Distance between two points (x1, yi, Z:1) and (x2, y2, Z2) 


Betti x)? iyi — yd? + le — z212 


Equations of the straight line 


The straight line is specified in terms f 
of its projections on two of the co- E 
ordinate planes. For example, using 
the projections on the x-z and y-z 
planes respectively, the equations of 


y-2 plane 


the line are x-z plane 
ome 

x=mz+p 
y=nz+p 

key plone 
where 
m = slope of x-z projection fe 
n = slope of y-z projection 
p = intercept of x-z projection on x-axis 
y = intercept of y-z projection on y-axis 


Equation of plane, intercept form 

x z 

eet = | 

a b * 

where a, b, c are the intercepts of the plane on the x, y, and z axes, re- 
spectively. 

Prolate spheroid 

a2(y? + z?) + b*x? = a?b? 

where a > b, and x-axis = axis of revolution 
Oblate spheroid 

b2(x2 + z2) + a’y? = a*b? 


where a > b, and y-axis = axis of revolution 


| 062 CHAPTER 37 


Solid analytic geometry continued 
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Paraboloid of revolution 


yee 2s 2px 


x-axis = axis of revolution 


Hyperboloid of revolution 


Revolving an x-hyperbola about the x-axis results in the hyperboloid of 
two sheets 


a? (y? + z?) — b%x? = —gq*b2 


2 


Revolving an x-hyperbola about the y-axis results in the hyperboloid of 
one sheet 


b? (x? +- z?) — q*y? = qb? 
Ellipsoid 

me) y2 zt 

52 at: 53 ae moe I 


where a, b, c are the semiaxes of the ellipsoid or the intercepts on the 
x, y, and z axes, respectively. 


Differential calculus 


List of derivatives 


In the following u, v, w are differentiable functions of x, and c is a constant. 


General 
de _9 
dx 
dx _ | 
dx 
SMT Pe letvy Zpsaed mec he 


Differential calculus continued 
sl (cv) = c a 
d. dx 
dv du 
iy) = UY — bss 
dx vif 7 dx te? dx 
- iv) = cyo! a 
du dv 
v—— u— 
d u dx dx 
dx \v v? 
a ae a : ey ify = ylv) 
Pe 
dy ] dx £0 


Transcendental functions 


2 (log. v) = we 
dx re v dx 
= (c?) = c* log. <2 
a (e*) = e* By 
dx dx 
Es (u2) = vu" she + (log, u)u® ole 
dx 


g. (sin v) = cos v sl 
dx dx 


d ad BOW 
— (cos v) = —sin v — 
dx dx 
= (tan v) = sec? vo 

° (cot v) = —csc? ae 
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Differential calculus — continued 
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d dv 
— (sec v) = sec v tan v — 
dx 
d dv 
— (csc v) =. —csc v cot v— 
dx 
a (arc sin v) = Tasted deere 
dx V1 — y2 dx 
gs (arc’'cos'v) = Ssrvadbaclen ae an 
dx V1 — y2 dx 
cs (arc tanv) = sk 
dx 1 + v? dx 
cu (arc cotv) = — sy 
dx 1 + v? dx 
qd (arc sec'v) = ae ee dv 
dx vV v2 — 1 dx 
@ (arc csc v) == coats ries dv 
dx vV v2 — 1 dx 


Curvature of a curve 
tv 

i Goat ieee Oe 
ie pe fied Rags fH 4 


where 


K = curvature 

R = radius of curvature 

y’,y’’ = respectively, first and second derivatives of the function y = fix) 
representing the curve on rectangular coordinates 


Bessel functions 

A Bessel function of the nth order y = Z,(x) is any solution of the differ- 
ential equation 

y+ (1/x) y’ + (1 — n?/x2) y = 0 


Special solutions are Jn (first kind), Nn (second kind), H® and H® (third 
kind). 


ours 


Bessel functions 
LE HERE SE es SA 
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continued 


Derivative and recursion formulas 


1 2 OF A : 
Zn represents Jn, Nn, HY, H@ or any linear combination of these functions. 


Then, 
Oz ox = (2,61 — Zasile = Wa/d 2a Zon = lf Za Zn 
(n/x) Zn = ¥ (Zn—18+ Zn 4a) 
(d/dx) (x"Zn) = Zn41 
id/dx)) (x"Z,) =! — Zy1 
dZ,/dx = +'Z) 
dZi/dx = Zo — Z:/x 


For nan integer, 


2a =) tS Zed 


Bessel function of the first kind* 


m= @ 


bia 
fie ey (ie Le 


m=0 


miT im +n+ 1) 


For na positive integer, 


n= | 
ae 2D At 


exp (— ju sin x) 
cos lu sin x) 


sin (u sin x) 


x? A fe 
2(2n+2) 2.4 (2n + 2) (2n + 4) °° 
+ @ 
1s Jn (u) exp (— Jnx) 
Jo (u) + 2 Vy Jon (u) cos 2nx 
1 


2 le (u) sin (2n — 1) x 
1 


cos (u cos x) = Jo (u) + 2 Y) (= 1)" Jon (u) cos 2nx 
1 


sin (u cos x) = 2) (ery) Jon—1 (u) cos (2n — 1) x 
1 


* See table in next chapter. 
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Bessel functions continued 
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/ CAN — NZS 
NT 


fe) ' 2 3 64 5 6 v. 8 9) eMtG 12 
argument of the functionsx _ 


Bessel functions for the first 8 orders. 


Bessel functions of the third kind 

kde au ixiNn ix 

H® (x) = Jn Od — 7 Ng Ud 

Nae dn — Neda = 2/ 4x 

[int oped ica pee bed Oa 

where (*) indicates the complex conjugate. 

For x large, 

HS (x) = (2/ax)4 exp j [x — nx/2 — 2/4] 
H® (x) = (2/mx)” exp — j[x — nx/2 — 7/4] 
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Bessel functions — continued 
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Modified Bessel functions 


ay (x/2) aoe 
nT int m+ 


Ky xb = (nr /2) f°? HY (jx) 


I, (x) =f" Jn (ix) = 


Modified Bessel functions are solutions of the differential equation 
y" +y’/x + (1 — n?/x*) y = 0 
Integral calculus 


Rational algebraic integrals 


J xmtl b , 
Ae aa m 


(ax + b)™t1 
( b)™* dx = Paar ee | x~ —] 
ax + aoe i m 


= i loge lax + b) 
a 


= + fox + b — b log, lax + b] 
a 


dx a i x 
Wi. Ge aver ib 


_. SESE aii Ieee Ne De 
xlax + b)? = blax + b) b? a ax + b 


ay By ies 
ho a — log. 
oy Tas ae ace 


dx _ _ 4 4axrb G92oe- ax +b 
Pe bl? LER CRIB ABs Ma. 


J 
i 
| corre 


106) 
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Integral calculus continued 7 | 
LE PL ROY ‘ 2 
: 

i 


12 | led RU LG ie bP WA 
x +a a x 


13 dx ihe x 
" J} (ax? + b)™ = 2(m — 1) b lox? + b)”-1 


2m — 3 dx 
———_—— | —————_., m#] 
LW yee nt lox? Epa 
x dx ] ve | 
14.0 |) — ] 
| (ax? + b)™ FY ME ar IT Pe 
x dx ] 
15. = — log, lax? + b) 
\a5 Dare Sate 
Ke OX S xb dx 
axrz+tb a ax? + b 
17 x? dx Sane x 
J (ax? + b)™ 2(m — 1) a lax? + b)™-1 
ay | 
———————— | —__—______ i | 
oan | (ax? + byt’ ™ 
dx k = 2x — k k +x 
18. RESTS way Lae =a V3 tan7! ay ae + loge a ) , 
oe Pal kV3 Vk? — kx x? 


where k = Vb/a 


2. | ise m 5g ( V3 100 BS — loge At), 
V KE — kx + x? 


where k = Vb/a 


20 My Soak, ot, eka) 
"| xlax™ + b) bn eet ax” + b 


MATHEMATICAL FORMULAS 
continued 


Integral calculus 
AAS AIO RE 


let X = ax? + bx + cand q = b? — 4ac 


, 2ax + b— Va 
21 |S Sivalteenes, when q > 0 
X V9 2ax + b+ Vq 
dx 2 2ax + b 
22. | — = —= tan! ———,,_ wheng < 0 
alae 
For the case g = 0, use equation 3withm = —2 
23. dt 2ax + b i 2a eho al san 
> ts (n — 1) g X™1 q(n — 1) D sie 


Integrals involving Vax+b 


2(3ax — 2b)V (ax + bi)? 


24/ = 
2: [> ax + b dx 1050 


28. | vox + bdx = [nv (ax + b)3 


i, anh Fa 
a(2m + 3) 


1069 


— mb lea ax + b ax] 


Vox bi 


29. | oe eA ASE eee 
x Vax +b+ Vb 


= 2Vaxtb— av —b tan7} ae , 


bi > 0 


b<0 
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Integral calculus — continued 
AAA A ET 


30 | Saeeias bdx _ Ks 1 aes b)8 
x™ (m — 1) b xml 
ne (2m — Slay} Sor a pa 
2 xn—t 
x dx e FiGk See 
31. VaR Aue aa! ax +b 
x? dx - . 2(3a%x* ==4abxieisb4) yy ee 
- Vax +b 15a° 
x™ dx 2 oscars | 2 
| ——— = —— _|{ x"*V ax + b — mb | ————— ], m # 5 
- Vax+tb al2m+ i Vax + b 
iy [4=-fx Vox tb ey bam habe 
lixVonee bo Vb Nox Bev 
2 yee 
= a iy b 0 
yee a aren < 
ss, | dx Vax +b wee | dx 
JS xmVaxtb (m— 1) bx (2m — 2) b J ymav gx + b’ 
m ¥ | 


Integrals involving Vee + q? and Sere le 


36. Maz a? dx = 4 [xV x? + a? -ka? loge (x + Vx? + a?)] 


37. | Va? — x2dx = 3 (wv G7" Xeh-fee Sina *) 
dx pete 
38. of aerag = log. (x + Vx? + @?) 


OCI eek 
29. PY, See <3 Sti a 
40. Rae = $V ix? + 078 
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Integral calculus continued 
Dae 2 vast Raker 
4]. | eve + a? dx = aM (x? + a?)3 aio Vv x2 + q? 
+ a2log. ix + Vx? + a?)] 
42. | xv a? — x2 dx = —¥ V la? — x?) 


oe a 2 ere 236 
43. | vei —xXdx=— rip — x73 + ove — x? + a? sin“! *) 
a 


Var oy? Zen 5 ied AK. 2 

Ad. | eee soe ee ere | SEs fe Crap nde ad 
x x 

| ee 


x 


45 


7 ae a 
dx = Vx? =a? =a cos? — 
x 


a/ y2 2 a/ yi 2 pane 35 

eee ing ic Ne ea) 

x x 

DH eae 4 Ds as x 
lee *,. Yee 

x? x 

x dx 
48 | FS -- ver 


49. 


D2. 


ee greed, 2 2 
st. | x? dx = — 2 Vat =x + sit 
a 
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Integral calculus — continued 
CAE RR EERE ES LO 


54 dx a 4/52 + q? 
x2V x? + g? ax 


, A/ 2 ae 
ss. | dx mony x 


x2V gq? — x? a°x 
2 poate 
56. | oR GFF ok = a [av Wako + VEE 
4 ae 
+ ~ loge (x + Vx? a | 


es ATER 2 Nese) 4 
57. | V (a? — x*)3 dx = [Vig — x?)3 + “ Mighe x2 + = sin! | 


a 


58 | x is =x 
V x2 a2)3g2/x? + aq? 
59. We LEN. as - 


V (a? — x38 Qth/e? = x? 


Integrals involving Vax? +bx+ec 


Let X = ax? + bx + cand gq = b? — 4ac 


dx 2ax + b 
BOP oes ae ee /X ), >0 
X ( us IVa 5 


] (—2ax — b) 
= —— sjin-) ——___—_ a <0 
—G Vg 
xx) te Wb Ah ae 


a/ Xfce 20 Pay 
yi Soxgue ean abl X 4 Sb3 = ach fd 
NLIAAY 4q? 8a? /X 


4 
7 
a 
‘ 
{ 
i 
vi 
Le 
‘ 
a 
5 
( 


i 
= 


4 
i 
i 
i 
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Integral calculus — continued 
Ce RURAL EEE TE 


dx ] bx + 2c 
64 | = sin - . c<0 
xv x AY oe xVq 
£5 | oe Nx bi 
; xVX bx 
66 | = Sotcc [aes in Ber] PX, 
im +nVX Wk : mx + n BY ii , 
sit | 0 Ze im HT <0 
Riper mi(mx - n) Vq 
67 | dx MP le 2mV X “ale 
tax nl) VX (bm — 2an) (mx + n)’ 
where k = an? — bmn + cm’. 
“8. | ee Nk fod 
x2 X CX 2c xv Xx 
/x 
Ry OX [de 
4a 8a /x 
70 Dede A _ blow bX | bq bq dx 
3a 8a? 16a? /xX 
at 4/X Oh ans a/X 
7 { VE ce = SX SUAVE 166" — oc tx + bY 


24a? 64a 


, wiisbt = 4acl sg dx 
12808 / Xx 


7a [Ao vn 8 4 ef 


73, Vxdx _ VX, bm = 2on dx 
mx + n m 2m? /x 


an? — bmn + =| dx 
m? (mx + n) VX 


oh 
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Integral calculus = continued 


‘ eed dx +of& 
x x 2Mexy XK /X 
75, | dx mu _ 2lax 2lax + 5) b) 
xv x an ie 
a Didax + bEKW X “Bapidax - bX Sqtuimeas 
TERMS GUL Ge co eth hl he a sa aes Ne =4 
8a 64q? 128a? | +/x 


Miscellaneous irretional integrals 


Xiao 


ees ae ee ace i OS 2 
77: | 200 —¥ dx = tam Cees toe ain! 


79 eae | (mx + n) dx 
ax +b Vamx? + (bm + an) x + bn 
Logarithmic integrals 


80. | toge x dx = x loga a 
a 


xlog, x.—— 1) 


81. | loge x dx 


B20 | x™ logg xxi x ( lOoga X mn _loga e. 
ie | (m + 1)? 


ent ( Jose ae reel Stn 
m+1  (m 7 12, 


Exponential integrals 


83. | Sal Kote ptey “elo ba 


a” 


logea 


84. |e dx = 


85. [er =" @* 


: 
§ 
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Integral calculus continued 
SSE TR CS 

86. | x0° dx = e*(x — 1) 

87. | xme* dx = x™e* — m | xe dx 


Trigonometric integrals 


In these equations m and n are positive integers unless otherwise indicated, 
and rand s are any integers. 


88. | se x dx = —COos x 


89. | so x dx = 4 (x — sin x cos x) 
*nn—l ——- 
90. | sion ee ee + vr sin"—2 x dx 
n n 
dx COS Xx n— 2 dx 
91. = : = | 
| sin” x (asin x eel | Sie: x : 
O72; | cos x dx = sin x 
93. | cost x dx = # (x + sin x cos x) 
n—l . pad ] 
94, | cos™ x dx = paladin AB) + E | COS"7* x. dx 
n n 
dx sin x n— 2 dx 
95. pe es eeu eee Si sceeey hy ye 4 | 
| eostx ‘In’ — 1). cos” x 2 on | | COS” ax 
sin"! x 
96. | sin® x cos x dx = 
| ; eee 
n+1 
o/e | cost x sin xdx => — Ohta S 
n+ | 


i se 


Integral calculus — continued 
NLA LL WAN 


Ax — sin 4x 
98. in? 2xdx = —————_ 
| sn x cos” x dx 3 
oa: |e = log. tan x 
sin x COS x 
cos*-! x sin*™t! x  s— | 
100. in” $x dx = ———__ sin” x cos *—* x dx, 
| sn x cos® x sar: =| 
r+s #0 
. r—l st+l peda ] 
ail Segbligt COSC | sinr# x cost x 
r+s r+ os 
r+s #0 
a stl 
__ sin’ x cos eat r+ 2 sintt? x coun e 
r+ 1 r+ 1 
piiot sin’t! x cos*t! x | 
s+] 
2 
oe Wanies sin” x cos*t? x dx, s ~ —] 
s+] 
101. | tan x dx = —log, cos x 
tan"—! x 
102. | tan” x dx = ———— — | tone x dx 
pia 
103. | cot x dx = loge sin x 
Coma x = 
104. | cot® x dx = — — — — | cot"? x dx 
AG oe 


105. | sec:x dx = log, (sec x + tan x) 


106. | sec? x dx = tan x 


sin x n— 2 


107... } sec” x dx 


| ser x dx, n | 


a (n — 1) cos”! x n— ] 


Integral calculus 
ESSE SATIS TTS, 
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continued 


108. | exe x dx = —cot x 


109. 


110. 


OB 


TM, 


t13. 


114. 


TS. 


116. 


lorem 


csc x dx = log 


ae 


sec” x tan x dx = 


csc™ x cot xdx = — 


tan” x sec? x dx 


cot” x csc? x dx 


a 


dx 


a+ bcos x 


e (csc x — cot x) 


reelits ts a 102 + oie Cac tre axe nse 1 
(n — 1) sin"! x n— | 
sec” x 
n 
n is any constant * 0 
Cae ex 
n 
= tan* x 
n+ 1 
re nis any constant * —1 
cot" x x 
¥ fae 
eae b +. asinx 
sit joe . 2 > b?2 
qt bP — pb? a+ bsinx’ ? 
ar ee b + asinx — Vb? — a? Eos 
Vb? — a? ‘ a+ bsinx. 
abel i 
1 nhem COS x 
— ——_—- sin"! | ————_] Gey oa 
War okgre) (Gtee* 
] Va? — b?2- sinx\ | 
= ————.. gin) ( —__—_—— b 
ots sin ( ET led )re> >0 
1 | Va? — b2--sinx\ 
= ———————- -. tan! | ——_- b> 0 
Wp’ tan ( Siapee ).e> > 


i. tae ace Sou ba econ t Veins) 
1 aq? Ye a + bcos x 
when b? > a’, a <0 


— x 
1 oP ae ivi — cos xdx = i A 
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Integral calculus continued 
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118 


119. 


123. 


124, 


125 


126. 


Inverse trigonometric integrals 


127. | son x dx = x sin-! x + WA foe 


128 


129 


130 


13] 


132 


u—_, 


ae 4V'2 
V (1 — cos x)? dx = —— (cov? == "3 GOs :) 


x sin x dx = sin x — x cos x 


x? sin x dx 


x cos x dx 


x2 cos x dx = 2x cos x + (x? — 2) sin x 
x sin nx dx 


x cos nx dx 


‘ 2x sin nx vot ORY. 
x2 sin nx dx = —— aes cos nx 


2x COS NX ale avs 
x* cos nx dcx = — — <t/ Esin,nx 
n 


cos—! x dx 


tan—! x dx 


cot! x dx 


sec! x dx 


csc—! x dx 


= x sec! x — cosh x 


3 Z 2 


= 2x sin x + (2 — x?) cos x 


= cos x + x sin x 


sin nx ¥ 0S nx 


n? n 
COs Nx xX sin nx 
n2 n 


n2 n 


n? n 


= xcos!x— V1] — 

= x tan“! x — log, V1 + x? 

= x cot! x + log. V1 + x? 

= x sec! x — log, (x + Vx? — 1) 


= x csc“? x + loge (x + Vx? — I) 


= x csc! x + cosh! x 


MATHEMATICAL FORMULAS 10/5 


Integral calculus = continued 


LTS A LOE IY 


Definite integrals 


eed 
133. et, ian 0s = ha 0 
x 2 2 


co 1 }q]- 
134. id he? dx = | E | dx = In) ) 
0 


es go Us| T'(m) T(n) 
a (1—x*1dx = | a eee oe Ripe te NE (*) 


pes ote xe ole a 


po 
136. Prine nde = [oe xdx =F (3 ae ae 


* sin mx dx T T 
a ANA ca gg 8 Mena emia a i 
* sin x + cos mx dx - Cos mx dx 
138. | = 0,ifm <—lorm> 1]; 
we pe pee sg Tpie SPO AOS ppl 
grifm = oMm.= I; 5! m 


140. 


ey © sin? aaa Es 
2 


lee) foe) i 
cos (x?) dx = | sin (x2) dx = 4 a 
0 0 2 
aga 
2 


® cos mx dx 
0 a x? 


He [resend Panade fe 
0. . Vx 0 vx 2 


J bee! a 
eee osaktiege ee 
0 2a 2a 


eae eA 
144. dx = Sg er ee 


co —2a4/ 7 
145, r. gnat—at/2 4 on gO 
0 


* Tn) = gamma function 


141. 


143. 
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Integral calculus continued 
DATS Fh TINA RT TE CRT 


co wie ] ee 
146, | e-nev/x dx = ue 
0 2n Vn 


aad has ne a 
: Ox = a 
0 Vx n 


Vir + eb? /4a? | 
148. | e272” cos bx dx = Oe are 3 1g. > 
0 
ee ua aia i 
; gl came OG a 6 
1 loge x 7 
150. | Poe a oe oF TE 
: loge x 1 
15] {9, rags nea 


1 (yp — x) d ] 
met ASL May ANG Amana Artes ea Th ors 
0 loge x Gaal 


(loge x)” dx = (—1)” = nl 


1 ‘ 
157. | (loge! Pe ee EU oa, Soren wey vg 
x 


(1) (m + 1jort 
foe) zr ; 2 
158. | loge (: oh ') ae 
0 et — | 4 
159; | loge sin x dx = | loge cos x dx = — 3 loge 2 
0 0 


* T'(n) = gamma function. 


(*) 
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Integral calculus continued 
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7 12 
160. [i - loge sin x dx = — — loge 2 
0 2 


ey 


T Adj? ae 2 
161. | loge a + bcos x) dx = riog (*4 2 ="), a>b 


0 2 = 


Table of Laplace transforms 


Symbols 
Constants are real unless otherwise specified. 


R(x) = “real part of x” 
j=v-1 

f (t) et <0 

S-1(t) = unit step, or Heaviside function 
ae t <0 
o1,t..>.0 

So(t) = unit impulse, also called Dirac 6 function 
=(0'+<0 

=0,t>0 


+o ° 
ow, if t = 0, and | Solt) dt = 1 


++ 
| f(t) Solt) dt = £(0) 


2nr X frequency 
= any positive integers 

y = period of a periodic function (t > 0) 
T(x) = gamma function 


[oo] 
| e—* y2—! du 


0 


S. 
w~ & 
tl 


T'(k) (k — 1)!, k = positive integer 
Jolx) = Bessel function, first kind, zero order 
Jz(x) = Bessel function, first kind, kth order 
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Table of Laplace transforms continued 


time function | transform 
1. Definition © 
F(p) = I f(Ne-PAdx, Rip) > 0 

f(t) i) 

2. Inverse transform 

f(t) | Sate lettd 0 

) =— : 

il (z)e"dz, c > Fp) 


Note: No singularities to the right of path of 


integration. | 
3. Shifting theorem | 
flt—a) eF lp), a > 0 (*) 


4. Borel, or “convolution” theorem 


t 
if ; fi (A) fg (ft — AA Fy(p) Felp) se 


5. Periodic function 


ay. 
if f(A)e~PA dr 
F(t) = flt— ky), t > ky SE Sete eee 


SEIT tn ET ae ne ee ee Oe ee ee, a ee ee 


teres 
6. ft) + felt) Fi{p) + Felp) (*) 
m a 
7.) fein 2 Fxlp) *) 
k=1 k=1 
8. fithe Flip + a) (*) 
' 
9. (2) ; a real, >0 aF (ap) (*) 
10. Derivative 
d * 
aD —F10) + pF lp) (" 


11. Integral 


[ro dt | frat + Ep) (*) 
p t=0 Pp 


* See pair | for definition of F. a 


Table of Laplace transforms 


time function 


12. Unit step 


S_1(t) 


13. Unit impulse 
So (t) 


14. Unit cisoid 


edot 


Ve, Riv | 


18. tke7a# 


19. 1/Wat 


(2t)* 
1-3-5 +++ (2k—1)V at 


23. sin at 
24. cos at 


25. Jolat) 


26. SIxlat) 
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continued 


transform 


Ul— 


p— jw 


Tv + 1) 
pYti 


k] 
(p + q)*t1 


1/Vp 
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Series 
PEPER 


Maclaurin’s theorem 


ahs flO) + xf"10) ++ #00) FO PO +... 
nt 


Taylor’s theorem 


f (x) = f (xo) + f’ (xo) (x — Xo) ls ft = 


flix + Al = fod + fd - man 


oe 


Miscellaneous 


(1 x)" = Ttnx+ 31 


iG 


4 
re ee 


loge ( )=x- 
Ogee x x 4 


SGA 
Tuer Waals de oe 


Dodo alk oem 
sinx =x—---+——-— 

3! 5! 7) 

x7. xta  x® 
ema ater 


(x — xo? +. 


nll ig ne oe) 
X An eet i akeriapy aoa TP} 


4 
Ss RIV Oey 


|x] <©; x in radians 


See p. 1043 for accuracy of first-term approximation. 


i Kole N uae ) 
Sn Seo ee ale ; 


eee labs 
onl panda es) < 
ae IE te 
LPxt 1 62x8 
t er ae ee 
Sear ire Su eRaT 
Na RR YS Ey 
3+ 45 994s 4725 
xt, Lf eae 3 ot 
USER Ble Ss Fi Wie ar caus hem rer 
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Series continued 
Saws 


BP tir? 
tanx =x—-—-+—-—= 
are tan x = x ee aa xi 
lx bles « oleBsbx" 

i ee ey 1 
ee og \o145 2467 | ies 
7 
ee reo Ix] <1 


3 5 7 Sco sie 


Forn = 0 ora positive integer, the expansion of the Bessel function of the 
first kind, nth order, is given by the convergent series, 


x” x? x4 
co eS ee ee 
2"n! 2 (2n + 2) 2:4 (2n + 2) (2n + 4) 


x$ 
BAW Y SCRE ET TENT A | 
and 
J-n(x) = (— 1)” J, (x) 
Note: 0! = 1 


Vector-analysis formulas 


Rectangular coordinates 


In the following, vectors are indicated in bold-faced type. 
Associative law: For addition 


atlbt+d =lat+tb+e=at+b+e 


Commutative law: For addition 
a+b=b-+a 

where 

a= ad, 

a = magnitude of a 


@, = unit vector in direction of a 


Scalar, or “dot” product 
a-b = b-a 
= ab cos 0 


where 6 = angle included by a and b. 
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Vector-analysis formulas continued 
EATER LARS EL LIER SE ES OTS 


Vector, or “cross” product 
aXb=-bxXa 


= ab sin 0-¢) 


where 


6 = smallest angle swept in rotating a into b 
€; = unit vector perpendicular to plane of @ and b, and directed in the 


sense of travel of a right-hand screw rotating from @ to b through 
the angle 0. 


Distributive law for scalar multiplication 
a-(b+c¢c) =a-btas-c 

Distributive law for vector multiplication 

aX (b+e=aXbt+axXc 

Scalar triple product 

a-(b X ¢) = (a X b)-¢ = c-la X b) = ble X 
Vector triple product 


a xX (bX ¢) = (a-e)b — (a-ble 
(a X b)- le X d) (a-c) (b-d) — (a-d) (b-c) 
la X b) X le X d) = (a X b-dle — (a X b- eld 


V = operator “del” 


te 


where i, j, k are unit vectors in directions of X, y, Z Coordinates, respectively. 


grad ¢ = Vo = 1 
Ox 


grad (¢ + y) grad @ + grad y 


grad (¢y) = @grady + grad d 
curl grad ¢ = 0 


uy ake 
Oz 


Ape = waa eel cae 
Ox 


a 
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Vector-analysis formulas continued 
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where dz, Gy, az are the components of a in the directions of the respective 
coordinate axes. 


div (a + b) = diva+div b 


cula= V Xa 
=) S) e( 8) 
=i j k 
eee 
Ox Oy Oz 
dz ae az 
curl (6a) = grad @d X a+ gdcurla 
div curla = 0 
div (a X b) = b-curl a — a-curl b 
V? = Laplacian 
gig = 2b 4 OH , a6 


Ox? Oy3 «.}.0z? 
in rectangular coordinates. 


curl curl a = grad div a — (iV 2a, + jV 2a, + kV 2a,) 


In the following formulas 7 is a volume bounded by a closed surface S. The 
unit vector mis normal to the surface S and directed positively outwards. 


| vou = | nas 
T S 


J V:adr= Jen dS (Gauss’ theorem) 
T S 
|v xadr= [axes 

r s 


) ) 
| YV7o—oV' =| (ve- 9%) as 


where 0/dn is the derivative in the direction of the positive normal to § 
(Green's theorem). 
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Vector-analysis formulas continued 
TETAS DAT RE CNS 


In the two following formulas S is an open surface bounded by a contour C, 
with distance along C represented by s. 


| nx Voeds = | pes 
8 Cc 


|v xX ands = | eras (Stokes’ theorem) 
Ss C 
where $ = s$j, and s; is a unit vector in the direction of s. 


Gradient, divergence, curl, and Laplacian in coordinate systems 
other than rectangular 


Cylindrical coordinates: (p, ¢, z), unit vectors p1, $1, k, respectively, 


aw 1 ow ay 


giod y= WV ery ol ala 
di is oh Es +1 (Ss) 4 
bh tome hear x20: BAGS ap 
fat year (Os oe 
crla=VXxXa= ae ar Cite sone tap pi 
10 1 da, 
+5 bp oe eh 
10/ dv\ ,1 0% , ay 
2 = .- —_ oo —_ Ss -————— — 
Nia aa eee 


Spherical coordinates: (r, 6, ¢), unit vectors m1, 61, dr 


r = distance to origin 


6 = polar angle 
= azimuthal angle 
ged OR ea en 
diva = V-a= 5 > Way) +s (ag sin 6) + — a 
cula = V7 xa=-—|5 (ag sin 8) =a 
a : E F = F 5. ra | 0 
ae . E (rag) — oe | $1 
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Vector-analysis formulas continued 
aL AE AE PS LST AES 


(| AREY iy once oy, 1) edt. 
Pyne ee” ee OY & go eohs 
MeN (« ) T sin 0 00 (si a4 asin? 8 ae? 


Orthogonal curvilinear coordinates 
Coordinates: U1, U2, U3 


Metric coefficients: hy, he, hs (ds? = hy2duy2 + he2dua? + hg2dus2) 


Unit vectors: ii, ho, is (ds = iyhydu,; -+- inhodue + ish3dus) 
1 oy Lay. l oy, 
dy= = i ——— | —— | 
ee ae eh 
: ] Ge 
div a = V -a = (hgh3ay) += Bigat e += —— at theas) 
hihgh3 du; 


curl a 


1 0 0 
= — (hs3a3) — —— (heae) 
ry. < hghs | 2 = Ous ne |i 


re) 0 
oe (hyay) — — (hsas) 
-+- E Wy 1901 AU, 308 le Io 


a E (heae) — pel throw | i 
Oue 


hihe du 
= | jhit hele hglls 
hahahs | 9 3 a 


du dun Us 


hyay hea hsag 


I 0 [hehs 0p 0 fhshi 0d hyhe =) 
2) = 
, ¥ hihahs E (= hi 26) Bliets. Oue (4 he 3) 4 ie a (a he Ou 
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Matrix algebra 


Notations 


A matr’x of ordern X m is a rectangular array of numbers consisting of 
n rows and m columns. 


Qii Q12 C c 6 Oj 5 : . Aim 
Q2i Q22 : : E Q2j : ; 3 Q2m 
Qi1 Oye c A ; Oi . : . ACim 
Qni Ane 2 « * Onj ° e ° Qnm 


The element in row i and column j is designated by the subscripts ij in that 
order. When not written explicitly as above, a matrix can be noted by a 
single letter A or by its generic element between parenthesis (a,,). 


When m = n, the matrix is square and its order may be noted by n alone. 


A matrix of order n X 1 is a vector lor column vector) of dimension n. 
A matrix of order 1 X n is a row vector. In both cases, the elements are 
called coordinates of the vector. 


The unit matrix of order n is the square matrix 
1 = (6;;) 


where 6;; is the Kronecker index equal to 1 for j = i and otherwise equal to 0. 


Operations 
Illustrated for matrixes of order 2, pp. 1094-1097. 


Sum and difference: The sum (or difference) of two matrixes A and B, of 
the same order m X n, is a matrix C, of the same order, such that 
Cig = Oj bay 


Multiplication by a number 


m (ay) = (m a;) 


= 
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Matrix algebra continued 
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_ Product of two matrixes: Given A = (a;;) of order m X p and B = (bya) 
of order p X n, the product AB = C = (c;;) is defined by 
k=p 
= My ik bp; 
k=1 


It is a matrix of order m X nr. 


In general the product BA is different from AB. 


Linear transformation 


A linear transformation from a vector u of dimension m to a vector v of 
dimension n is represented by ann X m matrix A 


v=Au 
In expanded form, 
Wo Cig Uy + ig ue +... + aig Um 


Ve = Ge1 U1 + ae2 ue +... ati Pee Um 


Transposition: The transpose of matrix A = (a,;) is matrix B = (b;3) 
obtained by exchanging rows and columns 


bij = a5 


If A is of order m X _n, its transpose is of order n X m. The transpose of 
A is noted by A. When A = A, the matrix is symmetric. 


The complex conjugate of A is the matrix A* obtained by taking the complex 
conjugate of each element. When A* = A, the matrix is real. The hermitian 
conjugate Af of A is the complex conjugate of the transpose. When At = A 
the matrix is hermitian. 


The transpose of a product.is equal to ihe product of the transpose taken 
in the reverse order 


~~ 


AB=BA 
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Matrix algebra continued 


Similarly, for hermitian conjugate (AB)t = Bt Af. 

Scalar product: For two vectors u and v of same dimension, it is the number 
U-V=UV=VuU. 

The length |u| of a vector u is defined as |u| = (u-u)” 


Hermitian product: For the two vectors u,v having n complex coordinates, 
the hermitian product is 


(u,v) = ut Vv. 


The product (v,u) = (u,v)*. When the hermitian product is zero, the vectors 
are orthogonal. 


The norm of a complex vector is 

|u|? = (uu) = uty. 

Determinant: (for a square matrix A of order n) is the sum of n! terms 
det A = J + a4; G2; age... Oni 


where the second subscripts ijk...1, taken in order, form a permutation 
of the numbers 123...n. For even permutations; which contain an even 
number of inversions, the sign is plus. For odd permutations, the sign is 
minus. The cofactor ai; of the element a;,; is (— 1)*** times the determinant 
obtained from A by deleting the ith row and the jth column. The transpose 
of the matrix (aj;) is the adjugate of A; adj A. 


Inverse or reciprocal: of a square matrix A is a matrix B satisfying 

AB = BA = 1 

The inverse is noted by A7!. It exists only for regular matrixes that is, for 
those having their determinant different from zero. 


The Cramer's rule to form the inverse is 
A™! = adj A/det A 


Orthogonal matrix: A matrix A is orthogonal if A A=1. Orthogonal 
matrixes represent rotations: the linear transformation y = Ax from the 
vector x into the vector y has the property |y| = |x| and yi- yo = x1 - Xe. 


Unitary matrix: A matrix A, with complex elements, is unitary when AiA = 1. 
The transformation y = Ax preserves the norm, i.e., ly || = | ||2. The 
scattering matrix $ of a passive, lossless network is unitary (see p. 647). 
When x represents incident waves, y = Sx represent the reflected or 
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Matrix algebra continued 
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scattered waves and ||y|]2 = ||x||2, invariance of the norm, means that the 
reflected power equals the incident power. 


Trace (or spur) of a matrix is the sum of the terms in the main diagonal 


t=n 
tA = Ds On 

‘=1 
Rules of operation 
A+B=B-+A 
miA + B) = mA + mB 
A(BC) = (AB)C 


A(\iB+ C) = AB+ AC 


Exceptions: to the rules of ordinary algebra are as follows: 
a. In general the product AB is different from BA. 


b. Division of the two members of an equation by a matrix is done by 
multiplying these members by the inverse matrix; care must be taken to 
place this inverse on the same side of both members. 


Eigenvalue problem 


Given a square matrix A of order n, the problem is to find vectors of 
dimension n that when multiplied by A, give a vector of the same direction. 


For such a vector 
Au = su 


where s is a scalar. yu is called an eigenvector (or characteristic vector) of 
the matrix A and s is the corresponding eigenvalue. The existence of a 
vector u (+0) for a givens implies that s satisfies the characteristic equation 


pc det (A — si) = 0 


1 being the unit matrix (p. 1090). The trace of Ais the sum of the eigenvalues 
and the determinant of A is their product. 


4=n 


rA = » Sq 


(= 
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Matrix algebra continued 
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t{=n 
det A =| si 
i=] 


When the n roots $1 S2...Sn Of the characteristic equation are distinct, 
the corresponding n eigenvectors are independent and A can be expressed 
as A = B $ B" where §S is a diagonal matrix formed by the eigenvalues 
and B is regular. 


A hermitian matrix has only real eigenvalues. When these eigenvalues are 
positive, the matrix is called positive (semidefinite). If none of them is equal 
to 0, the matrix is called positive definite. For a hermitian matrix A, there 
exists a set of orthogonal eigenvectors; hence A can be represented by 


A=BSB"! 
where B is unitary and S is diagonal and real. 


A unitary matrix U has unitary eigenvalues (of the form exp jy with real) 
and also possesses a set of n orthogonal eigenvectors. It can be repre- 
sented by 


U=BSB1 
where B is unitary and S is diagonal and formed with elements of magnitude |] 


If the unitary matrix is also symmetrical (for instance, the scattering matrix 
of a lossless reciprocal network), there exist n real orthogonal eigenvectors, 
and B in the above formula is an orthogonal matrix. 


Cayley—Hamilton theorem: The matrix A satisfies its own characteristic 
equation 


f(A) =0 


Matrixes of order 2 

a b a’ b’ 
let A = and A’ = 

Cc d c’ d’ 


be two matrixes of order 2. 


Sum 

a + a’ b + b’ 
A+ A’ = 

c +c’ d + d’ 
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Difference 


mc md 


Product by a vector x 


U U 
fixe = and x’ = , then 
Vv v’ 
/ 
x = Ax 
expresses a linear transformation and means 
u’ = au + bv 
v = co+tdv 
Products 


aa’ + bc’ ab’ + bd’ 


AA’ = 
ca’ + dc’ cb’ + dd’ 
a’a+b’c a’b+ b/d 
A’A = 
cla +d’c cb +d’d 
Transpose 
a Cc 
aoe 
b d 


A is symmetric if c = b. 
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Matrix algebra continued 


Complex conjugate 
ane’ obs 
Av 
PUN ro hs 


A is real if a, b, c, and d are real. 


Hermitian conjugate 


bea oe 
A is hermitian if a and d are real and if b is the complex conjugate of c. 


Determinant 


det A = ad — bc 


Trace 
trA=a+d 
Adjugate 
d —b 
adj A = 
—Cc a 
Inverse 
d —b 
Py AL 
= ad — bc 
—c a 


Characteristic equation 


det (A —s1) = s? —sla +d) + ad —bec =0 


Eigenvalues 


2 1/2 
oe oes | (42) Said - ba | 
S92 J 2 
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Matrix algebra continued 
Diagonal form 


l 


Hype. 6) 


A 


Sip —eler asus == we) 0 S2 Clash b 


So S1 


Cayley—Hamilton theorem 
A? —Ala+d) + ad —bc = 0 


gives A? in term of A and also gives by iteration the nth power A” in terms 
of A and the unit matrix. A special case of importance (p. 649) is when 
det A = 13 and @ is defined by tr A = 2 cos 8 


Then 
$1 = exp j0 


So = exp — j6 


o sin n@ sin (n — 1) 6 
sin 0 = sin 8 
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@ Mathematical tables 


Common logarithms of numbers and proportional parts 


proportional parts 
12 3/45 6/789 
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MATHEMATICAL TABLES | 0] 


Natural trigonometric functions 


for decimal fractions of a degree continued 


deg | sin | cos | tan | cot 


12.0 0.2079 | 0.9781 | 0.2126 4.705 18.0 0.3090 | 0.9511 | 0.3249 3.078 | 72. 


78.0 (0) 
| -2096 9778 .2144 4.665 # al .3107 -9505 .3269 3.060 2a 
a 2113 9774 .2162 4.625 8 2 £5 PZ} -9500 .3288 3.042 8 
3s) .2130 9770 .2180 4,586 a Pe .3140 9494 .3307 3.024 7 
4 .2147 .9767 .2199 4,548 6 4 .3156 9489 .3327 3.006 6 
AS .2164 9763 Peay, 4.511 AS ' .3173 9483 3346 2.989 a 
6 .2181 9759 DIES 4.474 4 6 3190 .9478 £3365 2.971 4 
a .2198 9755 .2254 4.437 FS Ay 3206 9472 3385 2.954 3 
8 SPD ites 9751 2272 4.402 vi, 8 Eo22o 9466 .3404 2.937 PP! 
9 PERS 9748 .2290 4.366 A a] 3239 9461 3424 2.921 ol 

13.0 0.2250 | 0.9744 | 0.2309 4.331 77.0 19.0 0.3256 | 0.9455 | 0.3443 2.904 71.0 
dl -2267 .9740 .2327 4,297 Fy A .3272 9449 3463 2.888 9 
a 2284 9736 .2345 4.264 8 ods .3289 9444 .3482 2.872 8 
o .2300 GIS2 .2364 4.230 hi a .3305 9438 .3502 2.856 7 
4 VENI 9728 .2382 4.198 6 4 .3322 9432 .3522 2.840 6 
As} .2334 9724 .2401 4.165 GS a 3338 9426 3541 2.824 5 
6 .235) .9720 .2419 4.134 4 6 63355 942) .3561 2.808 4 
cn .2368 I715 .2438 4.102 <a PY/ 337] 9415 .3581 2.793 a 
8 .2385 9711 .2456 4.071 2 8 .3387 .9409 .3600 2.778 Vy. 
I .2402 9707 .2475 4.041 st 3 .3404 9403 .3620 2.762 al 

14.0 0.2419 | 0.9703 | 0.2493 4.011 76.9 20.0 0.3420 | 0.9397 | 0.3640 2.747 70.0 
| .2436 9699 PLY 72 3.981 9 q: .3437 9391 3659 2.733 9 
PP .2453 9694 .2530 3.952 8 Bes 3453 9385 .3679 2.718 8 
A .2470 9690 .2549 3.923 ah ac! .3469 .9379 3699 2.703 PY i 
4 .2487 9686 .2568 3.895 6 4 .3486 .9373 .3719 2.689 6 
a .2504 9681 .2586 3.867 As te, .3502 9367 .3739 2.675 a) 
6 .2521 9677 .2605 3.839 4 6 3518 9361 .3759 | 2.660 4 
oY /: 2538 9673 .2623 3.812 <o 4) ASRS) 9354 3779 2.646 | 
8 .2554 9668 .2642 3.785 2 8 355] .9348 13799 2.633 2 
9 .2571 9664 .2661 3.758 l 9 .3567 9342 .3819 2.619 AL) ; 

13.0 0.2588 | 0.9659 | 0.2679 3.732 753.0 21.0 0.3584 | 0.9336 | 0.3839 2.605 69.0 
sl .2605 9655 .2698 3.706 9 | 3600 9330 3859 2.592 9 
a .2622 9650 PAA E 3.681 8 se .3616 9323 .3879 2.578 8 
a .2639 9646 .2736 3.655 a a) .3633 9317 3899 2.565 of 
4 .2656 9641 .2754 3.630 6 4 3649 9311 3919 2.552 6 
Ho .2672 9636 .2773 3.606 FS) Ae} .3665 9304 3939 2.539 s 
6 .2689 .9632 .2792 3.582 4 6 3681 9298 3959 2.526 yi: 
A) .2706 9627 .2811 3.558 x i) 3697 9291 3979 2.513 3 
8 2723 9622 .2830 3.534 iY: 8 3714 9285 4000 2.500 2 
39 .2740 9617 .2849 3.511 ih 9 .3730 9278 .4020 2.488 HY 

16.0 0.2756 | 0.9613 | 0.2867 3.487 74.0 22.0 0.3746 | 0.9272 | 0.4040 2.475 68.0 » 
dl .2773 .9608 .2886 3.465 oS ij. 3762 9265 4061 2.463 9 
2 .2790 | .9603 | .2905 | 3.442 8 2 3778 9259 | .4081 2.450 8 
3 .2807 | .9598 | .2924 | 3.420 7 3 3795 | 9252 | .4101 2.438 i 
4 .2823 9593 2943 3.398 6 4 3811 9245 4122 2.426 6 
A .2840 9588 .2962 3.376 AS 45) .3827 9239 .4142 2.414 as 
6 .2857 9583 2981 3.354 4 6 .3843 9232 4163 2.402 4 
a/ .2874 9578 .3000 3.339 4) oy | 3859 9225 4183 2.391 3 
8 .2890 9573 3019 3.312 Yi: 8 3875 9219 4204 2.379 Ly) 
9 .2907 9568 .3038 3.29] si 9 .389 | 9212 4224 2.367 a! 

17.0 0.2924 | 0.9563 | 0.3057 S271 73.0 23.0 0.3907 | 0.9205 | 0.4245 2.356 | 67.0 
J] 2940 9558 3076 3.251 9 Al! 3923 9198 4265 2.344 9 
2 2957 9553 .3096 3.230 8 yi 3939 9191 4286 2.333 8 
3 2974 | 9548) 3115 | 3.211 J 3 3955 | .9184 | .4307 | 2.322 Py 
4 .2990 9542 3134 3.191 6 4 .397 | 9178 4327 2.311 6 
5 .3007 9537 3153 3:172 AS, 5 3987 9171 4348 2.300 oO 3 
6 3024 9532 3172 3.152 4 6 .4003 9164 4369 2.289 44 
Af .3040 9527 3191 3.133 As! a) 4019 9157 4390 2.278 Aye 
8 3057 9521 3211 3.115 YA 8 4035 9150 4411 2.267 a) 
9 .3074 9516 .3230 3.096 Jl 9 4051 9143 4431 2.257 ha 

18.0 0.3249 24.0 0.4067 | 0.9135 | 0.4452 2.246 | 66.0 
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Natural trigonometric functions 


for decimal fractions of a degree continued 


deg sin | cos | tan | cot deg {| sin | cos | tan | cof 

24.0 0.4067 | 0.9135 | 0.4452 2.246 | 66.0 30.0 0.5000 | 0.8660 | 0.5774 | 1.7321 60.0 
al 4083 9128 4473 2.236 2 l 5015 8652 5797 | 1.7251 ) 

aa 4099 9121 4494 2.225 8 AP .5030 8643 -5820 | 1.7182 8 

ao 4115 9114 4515 2.215 J 3 5045 8634 5844 | 1.7113 7 

4 4131 9107 4536 2.204 6 4 5060 8625 .5867 | 1.7045 6 

As 4147 9100 4557 2.194 3 Hei 5075 8616 -5890 | 1.6977 5 

6 4163 97092 4578 2.184 4 6 -5090 .8607 5914 | 1.6909 4 

7 4179 9085 4599 2.174 aS aT) -5105 8599 5938 | 1.6842 cs: 

8 A195 9078 4621 2.164 a & -5120 8590 5961 | 1.6775 Pe 

9 4210 9070 -4642 2.154 el 9 $5135 8581 5985 | 1.6709 | 
25.0 0.4226 | 0.9063 | 0.4663 2.145 | 63.0 31.0 0.5150 | 0.8572 | 0.6009 | 1.6643 | 59.0 
el 4242 9056 4684 PUNE SS) 9 elt 5165 8563 6032 | 1.6577 9 

2 4258 9048 «4706 PIP 8) 8 2 -5180 8554 6056 | 1.6512 8 

3 4274 9041 4727 2.116 “if re BUS 8545 -6080 | 1.6447 7 

4 4289 9033 4748 2.106 6 4 .5210 8536 6104 | 1.6383 6 

a 4305 9026 4770 2.097 AS) aS 2O225 8526 6128 | 1.6319 a5 

6 4321 9018 4791 2.087 4 6 .5240 8517 -6152 | 1.6255 4 

7 4337 9011 4813 2.078 3 7 19255 8508 6176 | 1.6191 3 

8 4352 9003 4834 2.069 re 8 .5270 8499 -6200 | 1.6128 a2 

2 4368 8996 4856 2.059 el a 5284 .8490 -6224 | 1.6066 J 
26.0 0.4384 | 0.8988 | 0.4877 2.050 | 64.0 32.0 0.5299 | 0.8480 | 0.6249 | 1.6003 | 58.0 
el 4399 .8980 4899 2.041 9 AL .5314 8471 6273 | 1.5941 9 

a 4415 8973 4921 2.032 8 2 §329 8462 6297 | 1.5880 8 

3 4431 8965 4942 2.023 7 5344 8453 6322 | 1.5818 7 

4 4446 8957 4964 2.014 6 4 5358 8443 6346 | 1.5757 6 
oes -4462 .8949 4986 2.006 § A) 5373 8434 6371 | 1.5697 ‘3 

6 4478 8942 -5008 1,997 4 6 5388 8425 6395 | 1.5637 4 
J ; 3 as 5402 8415 6420 | 1.5577 Ba 
& 2 8 5417 8406 6445 | 1.5517 2 

9 1 9 5432 8396 6469 | 1.5458 | 
27.0 63.0 33.0 | 0.5446 | 0.8387 | 0.6494 | 1.5399 | 57.0 
1 oy Al 5461 .8377 -6519 | 1.5340 9 

2 8 2 ~5476 .8368 -6544 | 1.5282 8 

3 7 A) -5490 .8358 6569 | 1.5224 7 

4 6 4 -5505 8348 -6594 | 1.5166 6 

5 i) AS) 5519 8339 -6619 | 1.5108 5 

6 4 6 5534 8329 -6644 | 1.5051 4 

7 <0 7 5548 .8320 -6669 | 1.4994 J 

8 Ye 8 5563 .8310 -6694 | 1.4938 <2 
9 al ey, 5577 -8300 .6720 | 1.4882 | 
28.0 62.0 34.0 0.5592 | 0.8290 | 0.6745 | 1.4826 | 36.0 
el 9 al -5606 .8281 .6771 1.4770 9 

2 8 ae .5621 8271 .6796 | 1.4715 8 

23 aff e) -5635 8261 -6822 | 1.4659 Tf 

4 6 4 -5650 8251 -6847 | 1.4605 6 
5 <o Bs 5664 .8241 .6873 | 1.4550 5 

6 4 6 .5678 8231 -6899 | 1.4496 4 

7 KS al. 5693 8221 6924 | 1.4442 3 

8 2 8 .5707 8211 -6950 | 1.4388 2 

9 l 9 5721 .8202 6976 | 1.4335 | 
29.0 61.0 35.0 0.5736 | 0.8192 | 0.7002 | 1.4281 35.0 
el 39 el -5750 8181 7028 | 1.4229 A 

nD 8 ae -5764 8171 7054 | 1.4176 8 
re} 7 a 5779 8161 -7080 | 1.4124 7 

mt 6 4 25793 8151 7107 | 1.4071 6 

te) do) $5 -5807 8141 7133 | 1.4019 5 

6 4 6 -5821 8131 7159 | 1.3968 4 

7 co if 5835 8121 7186 | 1.3916 3 

8 2 8 5850 8111 7212 | 1.3865 2 

a) 1 A) 5864 8100 7239 | 1.3814 al 


30.0 0.5878 | 0.8090 | 0.7265 | 1.3764 | 54.0 


Natural trigonometric functions 


for decimal fractions of a degree 
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1.3175 
1.3127 
1.3079 


1.3032 
1.2985 
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1.2305 
1.2261 
1.2218 
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1.2045 
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continued 


40.5 0.6494 
-6508 
6521 
6534 
6547 
41 0.6561 
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Logarithms of trigonometric functions 
EAN HE TE NE NTS EE ST CSI GSE CTE 


for decimal fractions of a degree 


| Lsin | Leos | Ltan | L cot deg | Lsin | Lcos | Ltan | L cot 
0 0.0000 .O 6.0 9.0192 | 9.9976 | 9.0216 | 0.9784 84.0 
al 0.0000 9 Al 9.0264 | 9.9975 | 9.0289 | 0.9711 a) 
YP: 0.0000 8 Pp 9.0334 | 9.9975 | 9.0360 | 0.9640 8 
xs) 0.0000 aif 3 9.0403 | 9.9974 | 9.0430 | 0.9570 7) 
4 0.0000 6 4 9.0472 | 9.9973 | 9.0499 | 0.9501 6 
Ae} 0.0000 HS} 5 9.0539 | 9.9972 | 9.0567 | 0.9433 as) 
6 0.0000 4 6 9.0605 | 9.9971 | 9.0633 | 0.9367 4 
a 0.0000 ae 7 9.0670 | 9.9970 | 9.0699 | 0.9301 AS) 
8 0.0000 2D 8 9.0734 | 9.9969 | 9.0764 | 0.9236 D 
A) 9.9999 al 9 9.0797 | 9.9968 | 9.0828 | 0.9172 ak 
1.0 9.9999 0 7.0 9.0859 | 9.9968 | 9.0891 | 0.9109 83.0 
el 9.9999 49) el 9.0920 | 9.9967 | 9.0954 | 0.9046 I 
2 9.9999 8 2 9.0981 | 9.9966 | 9.1015 | 0.8985 8 
aS 9.9999 7 3) 9.1040 | 9.9965 | 9.1076 | 0.8924 a) 
4 9.9999 6 4 9.1099 | 9.9964 | 9.1135 | 0.8865 6 
5 9.9999 5 HS) 9.1157 | 9.9963 | 9.1194 | 0.8806 £5) 
6 9.9998 4 6 9.1214 | 9.9962 | 9.1252 | 0.8748 4 
3/7 9.9998 3 7 9.1271 | 9.9961 | 9.1310 | 0.8690 ‘ 
8 9.9998 ov! 8 9.1326 | 9.9960 | 9.1367 | 0.8633 ys 
AY) 9.9998 4 7, 9.1381 | 9.9959 | 9.1423 | 0.8577 =i! 
2.0 9.9997 a0) 8.0 9.1436 | 9.9958 |. 9.1478 | 0.8522 82.0 
3| 9.9997 39 sil 9.1489 | 9.9956 } 9.1533 | 0.8467 A) 
V7) 9.9997 8 2. 9.1542 | 9.9955 | 9.1587 | 0.8413 8 
asi 9.9996 7 BS) 9.1594 | 9.9954 | 9.1640 | 0.8360 e/ 
4 9.9996 6 4 9.1646 | 9.9953 | 9.1693 | 0.8307 6 
AS) 9.9996 Ms) ES) 9.1697 | 9.9952 | 9.1745 | 0.8255 eo 
6 9.9996 4 6 9.1747 | 9.9951 | 9.1797 | 0.8203 4 
“i/ 9.9995 ae Hf 9.1797 | 9.9950 | 9.1848 | 0.8152 a6! 
8 9.9995 2 8 9.1847 | 9.9949 | 9.1898 | 0.8102 2 
yy 9.9994 Al! 4) 9.1895 | 9.9947 | 9.1948 | 0.8052 ll 
3.0 9.9994 0 9.0 9.1943 | 9.9946 | 9.1997 | 0.8003 81.0 
al 9.9994 As aL 9.1991 | 9.9945 | 9.2046 | 0.7954 9 
oe 9.9993 8 pi 9.2038 | 9.9944 | 9.2094 | 0.7906 8 
3 9.9993 yf 3 9.2085 | 9.9943 | 9.2142 | 0.7858 A 
4 9.9992 6 4 9.2131 | 9.9941 | 9.2189 | 0.7811 6 
el 9.9992 45 AS 9.2176 | 9.9940 | 9.2236 | 0.7764 As) 
6 9:999 4 6 9.2221 | 9.9939 | 9.2282 | 0.7718 4 
ch 9.999] 55) Uf 9.2266 | 9.9937 | 9.2328 | 0.7672 aS) 
8 9.9990 2 8 9.2310 | 9.9936 | 9.2374 | 0.7626 2 
39 9.9990. Al 9 9.2353 | 9.9935 | 9.2419 | 0.7581 a 
4.0 9.9989 .0 10.0 9.2397 | 9.9934 | 9.2463 | 0.7537 80.0 
el 9.9989 39 al 9.2439 | 9.9932 | 9.2507 | 0.7493 I 
“2 9.9988 8 ~ 9.2482 | 9.9931 9.2551 0.7449 8 
us) 9.9988 df 3 9.2524 | 9.9929 | 9.2594 | 0.7406 ey 
4 9.9987 6 4 9.2565 | -9.9928 | 9.2637 | 0:7363 6 
— 9.9987 ASS aS) 9.2606 | 9.9927 | 9.2680 | 0.7320 i 
6 9.9986 4 6 9.2647 | 9.9925 | 9.2722 | 0.7278 4 
7 9.9985 ES 7 9.2687 | 9.9924 | 9.2764 | 0.7236 1) 
8 9.9985 Y: 8 9.2727 | 9.9922 | 9.2805 | 0.7195 7) 
2 9.9984 l 29 9.2767 | 9.9921 | 9.2846 | 0.7154 ail 
5.0 9.9983 0 11.0 9.2806 | 9.9919 | 9.2887 | 0.7113 | 79.0 
dl 9.9983 4) el 9.2845 | 9.9918 | 9.2927 | 0.7073 9 
#) 9.9982 8 ee 9.2883 | 9.9916 | 9.2967 | 0.7033 8 
zs] 9.9981 7 3 9.2921 | 9.9915 | 9.3006 | 0.6994 Hy 
4 9.9981 6 4 9.2959 | 9.9913 | 9.3046 | 0.6954 6 
as) 9.9980 “oO Ps) 9.2997 | 9.9912 | 9.3085 | 0.6915 ae) 
6 9.9979 4 6 9.3034 | 9.9910 | 9.3123 | 0.6877 4 
J 9.9978 6} uf 9.3070 | 9.9909 | 9.3162 | 0.6838 as) 
8 9.9978 2 8 9.3107 | 9.9907 | 9.3200 | 0.6800 a2 
2 9.9977 i 9 9.3143 | 9.9906 | 9.3237 | 0.6763 sl 


6.0 


9.9976 : H ! 12.0 9.3179 | 9.9904 | 9.3275 | 0.6725 | 78.0 


| Lsin | L cot Lcos | Lsin | Ltam | Leot | deg 


MATHEMATICAL TABLES | 05 


Logarithms of trigonometric functions 
AEST EIN SN SAE I SE LR EEE TES 


for decimal fractions of a degree = continued 
eR ESR OT AED TEE 


deg | Lsin | Lcos | Ltan | L cot | Ltan | L cot 


9.5118 | 0.4882 
9.5143 | 0.4857 
9.5169 | 0.4831 
9.5195 | 0.4805 
9.5220 | 0.4780 
9.5245 | 0.4755 
9.5270 | 0.4730 
9.5295 | 0.4705 
9.5320 | 0.4680 
9.5345 | 0.4655 


_ 
co 
°o 


12.0 0.6725 
0.6688 
0.6651 
0.6615 
0.6578 
0.6542 
0.6507 
0.6471 
0.6436 
0.6401 


H+HDwbOANDDO 
HW wWROANDDO 


-_ 
= 
ae 
0 


O LDNAnHRWH—-O DONODRWH—-O DONADRWH-—-O YSMNADAWH—-O SBMNRBDRWH—-O YDONODRWH— 


9.5370 | 0.4630 
9.5394 | 0.4606 
9.5419 | 0.4581 
9.5443 | 0.4557 
9.5467 | 0.4533 
9.5491 | 0.4509 
9.5516 | 0.4484 
9.5539 | 0.4461 
9.5563 | 0.4437 
9.5587 | 0.4413 


0.6366 
0.6332 
0.6298 
0.6264 
0.6230 
0.6196 
0.6163 
0.6130 
0.6097 
0.6065 


. . . . . ° . . . e 
—NHwWAOANDWOO 
H~DwWAUANDDO 


_ 
= 
~] 
° 


9.5611 | 0.4389 
9 5634 | 0.4366 
9.5658 | 0.4342 
9.5681 | 0.4319 
9.5704 | 0.4296 
9.5727 | 0.4273 
9.5750 | 0.4250 
9.5773 | 0.4227 
9.5796 | 0.4204 
9.5819 | 0.4181 


0.6032 
0.6000 
0.5968 
0.5936 
0.5905 
0.5873 
0.5842 
0.5811 
0.5780 
0.5750 


. . . . . *. . . . © 
—NWAOANDWOSO 
—~DwWRUDANDDO 


ot 
a 


9.5842 | 0.4158 
9.5864 | 0.4136 
9.5887 | 0.4113 
9.5909 | 0.4091 
9.5932 | 0.4068 
9.5954 | 0.4046 
9.5976 | 0.4024 
9.5998 | 0.4002 
9.6020 | 0.3980 
9.6042 | 0.3958 


0.5719 
0.5689 
0.5659 
0.5629 
0.5600 
0.5570 
0.5541 
0.5512 
0.5483 
0.5454 


HbwbnaVwDod 
HboknoOUDod 


—_ 
a 
~ 
N 


9.6064 | 0.3936 
9.6086 | 0.3914 
9.6108 | 0.3892 
9.6129 | 0.3871 
9.6151 | 0.3849 
9.6172 | 0.3828 
9.6194 | 0.3806 
9.6215 | 0.3785 
9.6236 | 0.3764 
9.6257 | 0.3743 


0.5425 
0.5397 
0.5368 
0.5340 
0.5312 
0.5284 
0.5256 
0.5229 
0.5201 
0.5174 


HRoRDOANDLO 
HRD ONDOO 


net 
N 
id 
w& 


9.6279 | 0.3721 
9.6300 | 0.3700 
9.6321 | 0.3679 
9.6341 | 0.3659 
9.6362 | 0.3638 
9.6383 | 0.3617 
9.6404 | 0.3596 
9.6424 | 0.3576 
9.6445 | 0.3555 
9.6465 | 0.3535 | 


0.5147 
0.5120 
0.5093 
0.5066 
0.5039 
0.5013 
0.4986 
0.4960 
0.4934 
0.4908 


0.4882 


HwRUANDOO 
Hb RnANDOO 


AL 
yp 
3 
A 
ro) 
6 
LE 
8 
yy 
0 
Al 
2 
3 
4 
Re) 
6 
Jf 
8 
vy 
0 
SL 
a 
3 
4 
re) 
6 
Ti 
8 
oe 
21.0 
Al 
2 
3 
4 
5 
6 
uh 
8 
AY 
0 
l 
2 
3 
4 
5 
6 
of 
8 
a 
Ae) 
A 
oa 
3 
4 
5 
6 
Y/ 
8 
9 
te) 


- 
[-) 
bd 
> 
oa 
> 
Ppa 


9.6486 | 0.3514 


Lcot | Ltan | deg 


| Ltan | deg 
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Logarithms of trigonometric functions 
‘SPIRE PSPUAE RS SRR CM TA TN RTS 


for decimal fractions of a de 
SBS ENTE SST DEN OTS SR FE ES EERE 


bd 
& 
t=] 


9 SMNADMawWDH— 


9.6093 
9.6110 
9.6127 
9.6144 
9.6161 
9.6177 
9.6194 
9.6210 
9.6227 
9.6243 


) 
= 


9.6259 
9.6276 
9.6292 
9.6308 
9.6324 
9.6340 
9.6356 
9.6371 
9.6387 
9.6403 


S) 
e 


CONADROWK-O SLONRWERWH~O YDMNRDRWHK-O LBURDaAwWHNH~O YSONRWRODL 


9.6418 
9.6434 
9.6449 
9.6465 
9.6480 
9.6495 
9.6510 
9.6526 
9.6541 
9.6556 


9 
Pa 


9.6570 
9.6585 
9.6600 
9.6615 
9.6629 
9.6644 
9.6659 
9.6673 
9.6687 
9.6702 


) 
= 


9.6716 
9.6730 
9.6744 
9.6759 
9.6773 
9.6787 
9.6801 
9.6814 
9.6828 
9.6842 


9.6856 
9.6869 
9.6883 
9.6896 
9.6910 
9.6923 
9.6937 
9.6950 
9.6963 
9.6977 


9.6990 


w 
2S 
So 


[ae | Lsin | Lcot | Ltan | deg 


9.9607 
9.9604 
9.9601 
9.9597 
9.9594 
9.9590 
D9 507, 
9.9583 
9.9580 
9.9576 


9.9573 
9.9569 
9.9566 
9.9562 
9.9558 
9.9555 
9.9551 
9.9548 
9.9544 
9.9540 


9.9537 
9.9533 
9.9529 
9.9525 
9.9522 
9.9518 
9.9514 
9.9510 
9.9506 
9.9503 


9.9499 
9.9495 
9.9491 
9.9487 
9.9483 
9.9479 
9.9475 
9.9471 
9.9467 
9.9463 


9.9459 
9.9455 
9.9451 
9.9447 
9.9443 
9.9439 
9.9435 
9.9431 
9.9427 
9.9422 


9.9418 
9.9414 
9.9410 
9.9406 
9.9401 
9.9397 
9.9393 
9.9388 
9.9384 
9.9380 


9.9375 


9.6486 
9.6506 
9.6527 
9.6547 
9.6567 
9.6587 
9.6607 
9.6627 
9.6647 
9.6667 


9.6687 
9.6706 
9.6726 
9.6746 
9.6765 
9.6785 
9.6804 
9.6824 
9.6843 
9.6863 


9.6882 
9.6901 
9.6920 
9.6939 
9.6958 
9.6977 
9.6996 
9.7015 
9.7034 
9.7053 


9.7072 
9.7090 
9.7109 
9.7128 
9.7146 
9.7165 
9.7183 
9.7202 
9.7220 
9.7238 


9.7257 
9.7275 
9.7293 
9.7311 
9.7330 
9.7348 
9.7366 
9.7384 
9.7402 
9.7420 


9.7438 
9.7455 
9.7473 
9.7491 
9.7509 
9.7526 
9.7544 
9.7562 
9.7579 
9.7597 


9.7614 


| Lsin | Leos | Ltan | L cot 
Sa ach Salk Me) eel 


0.3514 
0.3494 
0.3473 
0.3453 
0.3433 
0.3413 
0.3393 
0.3373 
0.3353 
0.3333 


0.3313 
0.3294 
0.3274 
0.3254 
0.3235 
0.3215 
0.3196 
0.3176 
0.3157 
0.3137 


0.3118 
0.3099 
0.3080 


*0.3061 


0.3042 
0.3023 
0.3004 
0.2985 
0.2966 
0.2947 


0.2928 
0.2910 
0.2891 
0.2872 
0.2854 
0.2835 
0.2817 
0.2798 
0.2780 
0.2762 


0.2743 
0.2725 
0.2707 
0.2689 
0.2670 
0.2652 
0.2634 
0.2616 
0.2598 
0.2580 


0.2562 
0.2545 
0.2527 
0.2509 
0.2491 
0.2474 
0.2456 
0.2438 
0.2421 
0.2403 


0.2386 


65. 


0 
a, 
8 
Lh 
6 
Ss 
4 
3 
oz 
ml 


63. 


0 
AY 
8 
of 
6 
5 
4 
3 
2 
ed 


62. 


ie) 
oy 
8 
Lh 
6 
5 
4 
3 
2 
ail 


61 


HRoOADOANDOO 


0 
Ly 
8 
“ef 
6 
a) 
4 
3 
Ye 
el 


0 
29 
8 
Y/ 
6 
5 
4 
3 
ae 
l 


gree 


31. 


32. 


33. 


35. 


2 e e e ° ° ° ° ° ° ° . . ° . . ° . ° e e ° ° ° ° e 
CMNOAMAWH—-O OMNDRAbRWH-~O YSMNaAHAWHHO SdDNKOinRwWH-O CONAGDARWH~—~O YDmMNaAwARWH 


continued 


| Ltan | Leot 


9.6990 | 9.9375 | 9.7614 | 0.2386 | 60.0 
9.7003 | 9.9371 | 9.7632 | 0.2368 9 
9.7016 | 9.9367 | 9.7649 | 0.2351 8 
9.7029 | 9.9362 | 9.7667 | 0.2333 7 
9.7042 | 9.9358 | 9.7684 | 0.2316 6 
9.7055 | 9.9353 | 9.7701 | 0.2299 5 
9.7068 | 9.9349 | 9.7719 | 0.2281 4 
9.7080 | 9.9344 | 9.7736 | 0.2264 3 
9.7093 | 9.9340 | 9.7753 | 0.2247 2 
9.7106 | 9.9335 | 9.7771 | 0.2229 el 


9.7118 | 9.9331 | 9.7788 | 0.2212 | 59.0 
9.7131 | 9.9326 | 9.7805 | 0.2195 9 
9.7144 | 9.9322 | 9.7822 | 0.2178 8 
9.7156 | 9.9317 | 9.7839 | 0.2161 ef 
9.7168 | 9.9312 | 9.7856 | 0.2144 6 
9.7181 | 9.9308 | 9.7873 | 0.2127 ee) 
9.7193 | 9.9303 | 9.7890 | 0.2110 4 
9.7205 | 9.9298 | 9.7907 | 0.2093 3 
9.7218 | 9.9294 | 9.7924 | 0.2076 2 
9.7230 | 9.9289 | 9.7941 | 0.2059 al 


9.7242 | 9.9284 | 9.7958 | 0.2042 | 58.0 
9.7254 | 9.9279 | 9.7975 | 0.2025 vy 
9.7266 | 9.9275 | 9.7992 | 0.2008 8 
9.7278 | 9.9270 | 9.8008 | 0.1992 7 
9.7290 | 9.9265 | 9.8025 | 0.1975 6 
9.7302 | 9.9260 | 9.8042 | 0.1958 rs) 
9.7314 | 9.9255 | 9.8059 | 0.1941 4 
9.7326 | 9.9251 | 9.8075 | 0.1925 3 
9.7338 | 9.9246 | 9.8092 | 0.1908 we 
9.7349 | 9.9241 | 9.8109 | 0.1891 4 


9.7361 | 9.9236 | 9.8125 | 0.1875 | 57.0 
9.7373 | 9.9231 | 9.8142 | 0.1858 yy 
9.7384 | 9.9226 | 9.8158 | 0.1842 8 
9.7396 | 9.9221 | 9.8175 | 0.1825 7 
9.7407 | 9.9216 | 9.8191 | 0.1809 6 
9.7419 | 9.9211 | 9.8208 | 0.1792 as) 
9.7430 | 9.9206 | 9.8224 | 0.1776 4 
9.7442 | 9.9201 | 9.8241 | 0.1759 3 
9.7453 | 9.9196 | 9.8257 | 0.1743 o 
9.7464 | 9.9191 | 9.8274 | 0.1726 l 


9.7476 | 9.9186 | 9.8290 | 0.1710 | 36.0 
9.7487 | 9.9181 | 9.8306 | 0.1694 9 
9.7498 | 9.9175 | 9.8323 | 0.1677 8 
9.7509 | 9.9170 | 9.8339 | 0.1661 7 
9.7520 | 9.9165 | 9.8355 | 0.1645 6 
9.7531 | 9.9160 | 9.8371 | 0.1629 re) 
9.7542 | 9.9155 | 9.8388 | 0.1612 4 
9.7553 | 9.9149 | 9.8404 | 0.1596 3 
9.7564 | 9.9144 | 9.8420 | 0.1580 ez 
9.7575 | 9.9139 | 9.8436 | 0.1564 el 


9.7586 | 9.9134 | 9.8452 | 0.1548 | 55.0 
9.7597 | 9.9128 | 9.8468 | 0.1532 SY 
9.7607 | 9.9123 | 9.8484 | 0.1516 8 
9.7618 | 9.9118 | 9.8501 | 0.1499 7 
9.7629 | 9.9112 | 9.8517 | 0.1483 6 
9.7640 | 9.9107 | 9.8533 | 0.1467 as) 
9.7650 | 9.9101 | 9.8549 | 0.1451 4 
9.7661 | 9.9096 | 9.8565 | 0.1435 3 
9.7671 | 9.9091 | 9.8581 | 0.1419 ad 
9.7682 | 9.9085 | 9.8597 | 0.1403 Jd 


0.1387 


Lcos | Lsin | Leot | Ltan | deg 
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Logarithms of trigonometric functions 


for decimal fractions of a degree 


a 


hw 


Mes 
. . e s 
ahON—-O OCBONAGM 


=O wmNRG 


Rwb 


° e e e e 
OONAG 


8 


awWwb-—~O 


8 
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| Lsin ! Leos | Ltan | L cot 


9.7692 
9.7703 
9.7713 
9.7723 
9.7734 


9.7744 
9.7754 
9.7764 
9.7774 
9.7785 


9.7795 
9.7805 
9.7815 
9.7825 
9.7835 


9.7844 
9.7854 
9.7864 
9.7874 
9.7884 


9.7893 
9.7903 
9.7913 
9.7922 
9.7932 


9.7941 
9.7951 
9.7960 
9.7970 
9.7979 


9.7989 
9.7998 
9.8007 
9.8017 
9.8026 


9.8035 
9.8044 
9.8053 
9.8063 
9.8072 


9.8081 
9.8090 
9.8099 
9.8108 
9.8117 


9.8125 


Leos | Lsin | Lcot | Ltan | 


9.9080 
9.9074 
9.9069 
9.9063 
9.9057 


9.9052 
9.9046 
9.9041 
9.9035 
9.9029 


9.9023 
9.9018 
9.9012 
9.9006 
9.9000 


9.8995 
9.8989 
9.8983 
9.8977 
9.8971 


9.8965 
9.8959 
9.8953 
9.8947 
9.8941 


9.8935 
9.8929 
9.8923 
9.8917 
9.8911 


9.8905 
9.8899 
9.8893 
9.8887 
9.8880 


9.8874 
9.8868 
9.8862 
9.8855 
9.8849 


9.8843 
9.8836 
9.8830 
9.8823 
9.8817 


9.8810 


0.1387 
0.1371 
0.1356 
0.1340 
0.1324 


0.1308 
0.1292 
0.1276 
0.1260 
0.1245 


0.1229 
0.1213 
0.1197 
0.1182 
0.1166 


0.1150 
0.1135 
0.1119 
0.1103 
0.1088 


0.1072 
0.1056 
0.1041 
0.1025 
0.1010 


0.0994 
0.0978 
0.0963 
0.0947 
0.0932 


0.0916 
0.0901 
0.0885 
0.0870 
0.0854 


0.0839 
0.0824 
0.0808 
0.0793 
0.0777 


0.0762 
0.0746 
0.0731 
0.0716 
0.0700 


0.0685 


“Hwa ANDDWO 


a 
e 


. . e « * « . e . e 
—NWAG ANDWWOSO 


HDwWAG BNdODOS 


HHwhRD BANDS 


w 
° 
aNDDO 


continued 


9.8125 
9.8134 
9.8143 
9.8152 
9.8161 


be 
=_ 


9.8169 
9.8178 
9.8187 
9.8195 
9.8204 


9.8213 
9.8221 
9.8230 
9.8238 
9.8247 


& 
ad 


9.8255 
9.8264 
9.8272 
9.8280 
9.8289 


5 

6 

7 

8 

9 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1 

2 

3 

4 

5 9.8297 
6 9.8305 
oh 9.8313 
8 9.8322 
9 9.8330 
0 

1 

2 

3 

4 

§ 

6 

7 

8 

9 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 


> 
# 


9.8338 
9.8346 
9.8354 
9.8362 
9.8370 


9.8378 
9.8386 
9.8394 
9.8402 
9.8410 


£ 


9.8418 
9.8426 
9.8433 
9.8441 
9.8449 


9.8457 
9.8464 
9.8472 
9.8480 
9.8487 


9.8495 


> 
w 


9.8810 
9.8804 
9.8797 
9.8791 
9.8784 


9.8778 
9.8771 
9.8765 
9.8758 
9.8751 


9.8745 
9.8738 
9.8731 
9.8724 
9.8718 


9.8711 
9.8704 
9.8697 
9.8690 
9.8683 


9.8676 
9.8669 
9.8662 
9.8655 
9.8648 


9.8641 
9.8634 
9.8627 
9.8620 
9.8613 


9.8606 
9.8598 
9.8591 
9.8584 
9.8577 


9.8569 
9.8562 
9.8555 
9.8547 
9.8540 


9.8532 
9.8525 
9.8517 
9.8510 
9.8502 


9.8495 


9.9315 
9.9330 
9.9346 
9.9361 
9.9376 


9.9392 
9.9407 
9.9422 
9.9438 
9.9453 


9.9468 
9.9483 
9.9499 
9.9514 
9.9529 


9.9544 
9.9560 
9.9575 
9.9590 
9.9605 


9.9621 
9.9636 
9.9651 
9.9666 
9.9681 


9.9697 
SANZ 
9.9727 
9.9742 
9.9757 


9.9772 
9.9788 
9.9803 
9.9818 
9.9833 


9.9848 
9.9864 
9.9879 
9.9894 
9.9909 


deg | Lsin | Leos | Ltan | Lb cot 


0.0685 
0.0670 
0.0654 
0.0639 
0.0624 


0.0608 
0.0593 
0.0578 
0.0562 
0.0547 


0.0532 
0.0517 
0.0501 
0.0486 
0.0471 


0.0456 
0.0440 
0.0425 
0.0410 
0.0395 


0.0379 
0.0364 
0.0349 
0.0334 
0.0319 


0.0303 
0.0288 
0.0273 
0.0258 
0.0243 


0.0228 
0.0212 
0.0197 
0.0182 
0.0167 


0.0152 
0,0136 
0.0121 
0.0106 
0.0091 


0.0076 
0.0061 
0,0045 
0.0030 
0.0015 


0.0000 


Leos | Lsin | Leot | Lian | 


45.0 


a 
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Natural logarithms 


; 


bun fee a o-|-6 | 7 PST tes ee eee 


314561789 


a ee 
1.0 | 0.0000 | 0100 | 0198 | 0296 | 0392 | 0488 : 0583 | 0677 : 0770 | 0862 | 10 19 29 | 38 48 57 | 67 76 86 
1.1 | 0.0953 | 1044 | 1133 | 1222 | 1310 | 1398 | 1484 | 1570 | 1655/1740! 9 17 26 | 35 44 52 61 70 78 
1.2 | 0.1823 | 1906 | 1989 | 2070 | 2151 | 2231} 2311 | 2390 | 2469 | 2546 8 16 24 | 32 40 48 | 56 64 72 
1.3 | 0.2624 | 2700 | 2776 | 2852 | 2927 | 3001 | 3075 | 3148 | 3221 | 3293] 7 15 22 | 30 37 44 | 52 59 67 
1.4 | 0.3365 | 3436 | 3507 | 3577 | 3646 | 3716 | 3784 | 3853 | 3920 | 3988 | 7 14 21 | 28 35 41 48 55 62 
1.3 | 0.4055 | 4121 | 4187 | 4253 | 4318 | 4383 | 4447 | 4511 | 45741 4637} 6 13 19 | 26 32 39 | 45 52 58 
1.6 | 0.4700 | 4762 | 4824 | 4886 | 4947 | 5008 | 5068 | 5128 | 5188 | 5247] 6 12 18 | 24 30 36 42 48 55 
17 | 0.5306 | 5365 | 5423 | S481 | 5539 | 5596 | 5653 | 5710 | 5766 | 5822 6 11 17 | 23 29 34} 40 46 51 
1.8 | 0.5878 | 5933 | 5988 | 6043 | 6098 | 6152 | 6206 | 6259 | 6313 | 6366} 5 11 16 | 22 27 32 38 43 49 
1g | 0.6419 6471 | 6523 | 6575 | 6627 | 6678 | 6729 | 6780 | 6831 | 6881 5 10 15 | 20 26 31 | 36 41 46 
2.0 | 0.6931 | 6981 | 7031 | 7080 | 7129 | 7178 | 7227 | 7275 | 7324 | 7372} 5 10 15 | 20 24 29 39 44 
2.1 | 0.7419 7467 | 7514 | 7561 | 7608 | 7655 | 7701 | 7747 | 7793 | 7839 5 94] 19 B 2 }33 37 42 
22 | 0.7885 | 7930 | 7975 | 8020 | 8065 | 8109 | 8154 | 8198 | 8242 | 8286 4 9 13 | 18 22 27 } 31 36 40 
23 | 0.8329 | 8372 | 8416 | 8459 | 8502 | 8544 | 8587 | 8629 | 8671 | 8713 4.9 13.) 17221<264596336 38 
24 tes 8796 | 8838 | 8879 | 8920 | 8961 | 9002 | 9042 | 9083 | 9123} 4 8 12] 16 20 24 33 37 

: 

25 asi | 9203 | 9289 9282 | 9322 eats Pete 9439 | 9478 | 9517} 4 8 12 | 16 20 24 | 27 31 35 
26 | 0.9555 | 9594 9632 | 9670 | 9708 | 9746 | 9783 | 9821 | 9858 | 9895 4 8 11} 15 19 23 | 26 30 34 
27 | 0.9933 9969 |1.0006) 0043 | 0080 | 0116 | 0152 | 0188 | 0225 | 0260 4711 [15 18.2 
28 | 1.0296 | 0332 | 0367 | 0403 | 0438 | 0473 | 0508 | 0543 | 0578 | 0613| 4 711 /| 14 18 21 25 28 32 
29 | 1.0647 | 0682 | 0716 | 0750 | 0784 | 0818 | 0852 | 0886 | 0919 | 0953/ 3 7 10] 14 17 20} 24 27 3) 
3.0 Re 1019 | 1053 | 1086 | 1119 | 1151 | 1184 | 1217 | 1249 | 1282] 3 7 10] 13 16 20} 23 26 30 
31 | 1.1314 | 1346 | 1378 | 1410 1442 | 1474 : 1506 | 1537 | 1569 | 1600} 3 6 10 | 13 16 19 | 22 25 29 
3.2 / 1.1632 | 1663 | 1694 | 1725 | 1756 | 1787 | 1817 | 1848 | 1878 | 1909 3 6 9} 12 15 18] 22235 3B 
33 | 1.1939 | 1969 | 2000 | 2030 | 200 | 2090 | 2119 | 2149 | 2179 | 2208} 3 6 911215 18 21 24 27 
34 1.2238 | 2267 | 2296 | 2326 | 2355 | 2384 | 2413 | 2442 | 2470/ 2499] 3 6 9 | 12 15 17 | 20 23 26 

| 7 

3.5 | 1.2528 | 2556 | 2585 | 2613 2641 2669 | 2698 2726 | 2754 | 2782; 3 6 8] 11 14 17 | 20 23 25 
3.6 | 1.2809 | 2837 | 2865 | 2892 | 2920 2947 | 2975 | 3002 | 3029 | 3056 | 3 5 8] 11 14 16] 19 22 25 
37 | 1.3083 | 3110 | 3137 | 3164 | 3191 | 3218 | 3244 | 3271 | 3297 3324 3 5 8| 11 13 16 | 19 21 24 
3.8 | 1.3350 | 3376 | 3403 | 3429 | 3455 | 3481 | 3507 | 3533 | 3558 | 3584) 3 5 8| 10 13 16 | 18 21 23 
39 1.3610 | 3635 3661 | 3686 | 3712 | 3737 | 3762 | 3788 | 3813 | 3838; 3 5 8] 10 13 15] 18 20 23 

; 
’ ' | 

4.0 | 1.3863 | 3888 | 3913 3938 | 3962 28 es 4036 4061 | 4085 2.5 7410 12 15 ivi 
4.1 | 14110 413% | 4159 4183 | 4207 | 4231 | 4255 | 4279 | 4303 | 4327 25 7/024 ive 
42 | 1.4351 | 4375 | 4398 4422 | 4445 | 4469 | 4493 | 4516 4540 | 4563 7 nn ee 9 12 14} 16 19 21 
43 | 1.4586 | 4609 | 4633 | 4656 | 4679 | 4702 | 4725 | 4748 | 4770 | 4793 7 EY f 9 12 14 | 16 18 21 
44 1.4816 itd 4884 | 4907 | 4929 4951 | 4974 | 4996 | S019 | 2 5 7 9 11 14j 16 18 

: 

45 | 1.5041 | 5063 } SOBS | 5107 | 5129 | 5151 | 5173 | 5195 | 5217 | 52391 2 47 9 13 | bas a 
44 pret) pee ad Bo 5347 | 5369 5390 | 5412 5433 | 5454 2.4 9.171 BB vse 
47 | 1.5476 | 5497 | 5518 | 5539 | 5560 | 5581 | 5602 | 5623 | 5644 | 5465 238 6 nS Bee ey ns Fa be 
48 | 1.5686 | 5707 i 5728 5748 | 5769 ! 5790 | 5810 | 5831 | 5851 | 5872} 2 4 6 8 10 12 | 14 16 19 
49 | 1.5892 | 5913 | 5933 | SPSS | S974 | 5994 | 6014 | 6034 | 6054 | 6074| 2 4 6 8 10 12 | 14 16 18 

: : 
5.0 | 1.6094 | 6114 | 6134 | 6154 | 6174 6194 | 6214 | 6233 | 6253 | 62731 2 4 6 8 10 12 | 14 16 18 
5.1 | 1.6292 | 6312 | 6332 | 6351 | 6371 | 6390 | 6409 | 6429 | 6448 | 6467} 2 4 6| 8 10 12] 14 16 18 
52 | 1.6487 | 6506 | 6525 6544 | 6563 | 6582 | 6601 6620 | 6639 | 6658} 2 4 6 8 10 11. | 13 15-17 
53 | 1.6677 | 6696 | 6715 | 6734 | 6752 | 6771 | 6790 | 6808 | 6827 | 6845 224 16 7 9 4b PBS Zz 
5.4 | 1.6864 | 6882 | 6901 | 6919 | 6938 | 6956 | 6974 | 6993 | 7011 | 7029 24 65 7-9 WBS ae 


Natural logarithms of 107" 


6 eet | 3 ae 2 | '4-]) 8 | 6 977. =e 
loge 10" | 23026 | 4.6052 | ) 
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Natural logarithms — continued 


mean differences 
lcrar o| 4 (oO acon 


e 3.5 | 1.7047 | 7066 | 7084 | 7102 | 7120 | 7138 | 7156 | 7174 | 7192 | 7210 Dae 5 E49 til 13 14 16 
5.6 | 1.7228 | 7246 | 7263 | 7281 | 7299 | 7317 | 7334 | 7352 | 7370 | 7387 Lae eS Nhe OPA 12 14 16 
5.7 | 1.7405 | 7422 | 7440 | 7457 | 7475 | 7492 | 7509 | 7527 | 7544 | 7561 2013 5 T4910 T2416 
5.8 | 1.7579 | 7596 | 7613 | 7630 | 7647 | 7664 | 7681 | 7699 | 7716 | 7733 y ae Sao) TAINO T2424 aS 
5.9 | 1.7750 | 7766 | 7783 | 7800 | 7817 | 7834 | 7851 | 7867 | 7884| 7901| 2 3 5| 7 8 10| 12 13 15 
6.0 | 1.7918 | 7934 | 7951 | 7967 | 7984 | 8001 | 8017 | 8034 | 8050 | 80466 2505 IAS AO t12 13914 
6.1 | 1.8083 | 8099 | 8116 | 8132 | 8148 | 8165 | 8181 | 8197 | 8213 | 8229 PS TN jee oho. 658 JON 13) 15 
6.2 | 1.8245 | 8262 | 8278 | 8294 | 8310 | 8326 | 8342 | 8358 | 8374 | 8390 PR OK huge) 6 810] 11 13 14 
6.3 | 1.8405 | 8421 | 8437 | 8453 | 8469 | 8485 | 8500 | 8516 | 8532 | 8547 Pi pele 648 9 PW 19-14 
6.4 | 1.8563 | 8579 | 8594 | 8610 | 8625 | 8641 | 8656 | 8672 | 8687 | 8703 2 3 5| 6 8 9] 11 1214 
6.53 | 1.8718 | 8733 | 8749 | 8764 | 8779 | 8795 | 8810 | 8825 | 8840 | 8856 Sali oar os 678 9 Tt 12 14 
6.6 | 1.8871 | 8886 | 8901 | 8916 | 8931 | 8946 | 8961 | 8976 | 8991 | 9006 PRB ak Gas 9 ay 12 34 
6.7 | 1.9021 | 9036 | 9051 | 9066 |} 9081 | 9095 | 9110 | 9125 | 9140 | 9155 oo 84 67) 91 Vor 12: tS 
6.8 | 1.9169 | 9184 | 9199 | 9213 | 9228 | 9242 | 9257 | 9272 | 9286 | 9301 PASS 4 Ga? 9 12.10° 12.18 
6.9 | 1.9315 | 9330 | 9344 | 9359 | 9373 | 9387 | 9402 | 9416 | 9430 | 9445 Ir | G4 SAO 12: 13 
7.0 | 1.9459 | 9473 | 9488 | 9502 | 9516 | 9530 | 9544 | 9559 | 9573 | 9587 lysate 4 &717 Fro Tl. 13 
7.1 | 1.9601 | 9615 | 9629 | 9643 | 9657 | 9671 | 9685 | 9699 | 9713 | 9727 Lye" 4 607 Baar to 1h Is 
7.2 | 1.9741 | 9755 | 9769 | 9782 | 9796 | 9810 | 9824 | 9838 | 9851 | 9865 Teor 4 Guero oi to 1h 12 
7.3 | 1.9879 | 9892 | 9906 | 9920 | 9933 | 9947 | 9961 | 9974 | 9988 |2.0001| 1 3 4 5a? Boe tO’ 1h 12 
7.4 } 2.0015} 0028 | 0042 | 0055 | 0069 | 0082 | 0096 | 0109 | 0122 | 0136 ta ees ie! 547.8 YT V2 
7.53 | 2.0149 | 0162 | 0176 | 0189 | 0202 | 0215 | 0229 | 0242 | 0255 | 0268 hAgese4 Ae: “in Mam Pe 
7.6 | 2.0281 | 0295 | 0308 | 0321 | 0334 | 0347 | 0360 | 0373 | 0386 | 0399 hia: <4 S77 So 9 10. 12 
7.7 | 2.0412 | 0425 | 0438 | 0451 | 0464 | 0477 | 0490 | 0503 | 0516 | 0528 tet 54 5716 8 ¥ 10) 12 
7.8 | 2.0541 | 0554 | 0567 | 0580 | 0592 | 0605 | 0618 | 0631 | 0643 | 0656 Amo 4 iy CE ae! 9° 10: 11 
7.9 | 2.0669 | 0681 | 0694 | 0707 | 0719 | 0732 | 0744 | 0757 | 0769 | 0782 qeeron 4 S16 6 7 10 11 
8.0 | 2.0794 | 0807 | 0819 | 0832 | 0844 | 0857 | 0869 | 0882 | 0894} 0908] 1 3 4] 5 6 7] 91011 
8.1 | 2.0919 | 0931 | 0943 | 0956 | 0968 | 0980 | 0992 | 1005 | 1017 | 1029 he 4 eee Kj ad Seth 
8.2 | 2.1041 | 1054 | 1066 | 1078 | 1090 | 1102 | 1114 | 1126 | 1138 | 1150 Lee? -4 § 16 7 9.10711 
8.3 | 2.1163 | 1175 | 1187 | 1199 | 1211 | 1223 | 1235 | 1247 | 1258 | 1270 Wee sake 546 7 8 10 11 
8.4 | 2.1282 | 1294 | 1306 | 1318 | 1330 | 1342 | 1353 | 1365 | 1377| 1389} 12 4] 5 6 7] 8 911 
8.5 | 2.1401 | 1412 | 1424 | 1436 | 1448 | 1459 | 1471 | 1483 | 1494/1506] 1 2 4] 5 67] 8 O11 
8.6 | 2.1518 | 1529 | 1541 | 1552 | 1564 | 1576 | 1587 | 1599 | 1610 | 1622 12) 3 Sue 7 8 9 10 
8.7 | 2.1633 | 1645 | 1656 | 1668 | 1679 | 1691 | 1702 | 1713 | 1725 | 1736 tee ihe Conard & 9 10 
8.8 | 2.1748 | 1759 | 1770 | 1782 | 1793 | 1804 | 1815 | 1827 | 1838 | 1849 tea 3 56 7 o. .9n 1G 
8.9 | 2.1861 | 1872 | 1883 | 1894 | 1905 | 1917 | 1928 | 1939 | 1950] 1961] 1 2 3| 4 6 7] 8 910 
9.0 | 2.1972 | 1983 | 1994 | 2006 | 2017 | 2028 | 2039 | 2050 | 2061 | 2072} 1 2 3| 4 6:7] 8 910 
9.1 | 2.2083 | 2094 | 2105 | 2116 | 2127 | 2138 | 2148 | 2159 | 2170 | 2181 t eS Ae te? 7 Fae ay 0, 
9.2 | 2.2192 | 2203 | 2214 | 2225 | 2235 | 2246 | 2257 | 2268 | 2279 | 2289 Lea 4a. 6 a 916 
9.3 | 2.2300 | 2311 | 2322 | 2332 | 2343 | 2354 | 2364 | 2375 | 2386 | 2396 Le 23 ANTS, 6 T 9210 
9.4 | 2.2407 | 2418 | 2428 | 2439 | 2450 | 2460 | 2471 | 2481 | 2492| 2502] 1 2 3] 4 5 6| 7 810 
9.5 | 2.2513 | 2523 | 2534 | 2544 | 2555 | 2565 | 2576 | 2586 | 2597 | 2607 eee 3 AS 6 7e OTAS 
9.6 | 2.2618 | 2628 | 2638 | 2649 | 2659 | 2670 | 2680 | 2690 | 2701 | 2711 lige 5 425, 6 fi Cee 
9.7 | 2.2721 | 2732 | 2742 | 2752 | 2762 | 2773 | 2783 | 2793 | 2803 | 2814 (7 2=3 ADt5 26 7) Sag 
9.8 | 2.2824 | 2834 | 2844 | 2854 | 2865 | 2875 | 2885 | 2895 | 2905 | 2915 i260 56 7 89 
9.9 | 2.2925 | 2935 | 2946 | 2956 | 2966 | 2976 | 2986 | 2996 | 3006 | 3016] 1 2 3] 4 5 6| 7 8 9 
0.0 | 23026 

Natural logarithms of 10°” 

jan LES TR De ey a ee ee ee Ae Pe ee 


loge 10” | 3.6974 | 5.3948 | 7.0922 | 10.7897 | 12.4871 | 14.1845 | 17.8819 | 19.5793 | 21.2767 
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Logarithms to base 2 and powers of 2 


x | log. x y 


0.1 —3,32193 0.1 
0.2 —2.32193 0.2 
03 ~ 1.73697 i 
0.4 — 1.32193 aN 
0.5 — 1.00000 04 
0.6 —0.73697 07 
0.7 —0.51458 08 
0.8 —0.32193 09 
0.9 —0.15200 | 
1.0 0.00000 2 
1d 0.13749 5 
1.2 0.26303 4 
ee 0.37850 5 
1.4 0.48543 : 
1.5 0.58496 3 
1.6 0.67807 9 
1.7 0.76554 10 
1.8 0.84798 11 
19 0.92599 12 
2.0 1.00000 13 
10 3.32193 14 
100 6.64386 15 
1000 9.96578 is 
av | y . 
20 
21 
loge x = loge 10 logiox = logee logex 99 
23 
Qu — @Y loge 2 = 10” logy9 2 24 
25 
26 
loge 10 = 3.32193 = I/logio 2 77 
28 
logio 2 = 0.30103 = 1/logs 10 29 
30 
3] 
loge e = 1.44269 = I1/log, 2 32 


loge 2 = 0.69315 = I/loge e log: x 


Qu 


65 536 

131 072 

262 144 

524 288 

1 048 576 

2097 152 

4 194 304 

8 388 608 

16 777 216 

33 554 432 

67 108 864 

134 217 728 

268 435 456 

536 870 912 

1 073 741 824 

2 147 483 648 
4 294 967 296 
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Hyperbolic sines [sinh x = }4le” — e~*)] 


Me te fe le 


<0 & 
iS) 
se 
fox 
o) 
iS) 
> 
<o 
> 
i) 
nt 
— 
re) 
i) 
a 
i) 
Ova" 
N 
o 
i) 
oy 
Xo 
On 
iS) 
es 
iS) 
oe 
Be 
for) 
i) 
o 
Ni 
On 
iS} 
SS 
Q 
i) 
i) 
oO 


5.0 | 74.20 : 


If x > 5, sinh x = Yale) and logio sinh x = (0.4343)x + 0.6990 — 1, correct to four signifi- 
cant figures. 
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Hyperbolic cosines [cosh x = 14l(e” + e-”)] 


[els |als|.], |e 
Xx | e) | 1 2 3 4 5 6 7 8 9 diff 
0.0 1.000 1.000 1.000 1,000 1.001 1.001 1.002 1.002 1.003 1.004 1 
] 1.005 1.006 1.007 1,008 1,010 1.011 1.013 1.014 1.016 1,018 2 
Z 1.020 1.022 1.024 1.027 1.029 1.031 1.034 1.037 1.039 1.042 3 
3 1.045 1.048 1.052 1.055 1.058 1,062 1.066 1.069 1.073 1.077 4 
4, 1.081 1.085 1.090 1.094 1.098 1.103 1.108 1.112 1.117 1.122 5 
0.5 1.128 1.133 1.138 1.144 1.149 | 1.155 1.161 1.167 1.173 1.179 6 
6 1.185 Wali? 1.198 1.205 1.212 1.219 1,226 1.233 1.240 1.248 if 
7 1.255 1.263 1.27] 1.278 1,287 1.295 1,303 1.31] 1.320 1.329 8 
8 1.337 1.346 1.355 1.365 1.374 1.384 1.393 1.403 1.413 1.423 | 10 
9 1.433 1.443 1.454 1.465 1.475 1.486 1.497 1.509 1.520 1.531 | 11 
1.0 1.543 1.555 1.567 1.579 1.591 1.604 1.616 1.629 1.642 1.655 | 13 
l 1.669 1.682 1.696 1.709 1.723 1.737 1.752 1.766 1.781 1.796 | 14 
2 1.811 1.826 1.841 1.857 1.872 1.888 1.905 1.921 1,937 1.954 | 16 
x) 1.971 1.988 2.005 2.023 2.040 2.058 2.076 2.095 2.113 2.132 4 18 
4 2.151 2.170 2.189 2.209 2.229 2.249 2.269 2.290 2.310 2.331 | 20 
1.5 2.352 2.374 2.395 2.417 2.439 2.462 2.484 2.507 2.530 2.554 | 23 
6 2.577 2.601 2.625 2.650 2.675 2.700 2.725 2.750 2.776 2.802 | 25 
7 2.828 2.855 2.882 2.909 2.936 2.964 2272 3.021 3.049 3.078 | 28 
8 3.107 3.137 3.167 3.197 3.228 3.259 3.290 3.321 3.353 3.385 | 31 
9 3.418 3.451 3.484 3.517 3.551 3.585 3.620 3.655 3.690 3.726 | 34 
2.0 3.762 3.799 3.835 3.873 3.910 3.948 3.987 4.026 4.065 4.104 | 38 
] 4.144 4.185 4.226 4.267 4.309 4.35] 4.393 4.436 4.480 4.524 | 42 
2 4,568 4.613 4.658 4.704 4.750 4.797 4.844 4.891 4.939 4.988 | 47 
3 5.037 5.087 5.137 5.188 5.239 5.290 5.343 5.395 5.449 5.503 | 52 
4 5.557 5.612 5.667 5.723 5.780 5.837 5.895 5.954 6.013 6.072 | 58 
2.5 6.132 6.193 6.255 6.317 6.379 6.443 6.507 6.571 6.636 6.702 | 64 
6 6.769 6.836 6.904 6.973 7.042 7.112 7.183 7.255 7.327 7.400 | 70 
7 7.473 7.548 7.623 7.699 7.776 7.853 7.932 8.011 8.091 8.171 | 78 
8 8.253 8.335 8.418 8.502 8.587 8.673 8.759 8.847 8.935 |, 9.024 | 86 
9 9.115 9.206 9.298 9.391 9.484 9.579 9.675 9.772 9.869 9.968 | 95 
3.0 | 10.07 10.17 10.27 10.37 10.48 10.58 10.69 10.79 10.90 11.01 iB 
1 Val2 11.23 11.35 11.46 11.57 11.69 11.81 11.92 12.04 12.16 12 
2 | 12.29 12.41 12.53 12.66 12.79 12.91 13.04 13.17 13.31 13.44 13 
3 | 13.57 13.71 13.85 13.99 14.13 14.27 14.41 14.56 14.70 14.85 14 
4 | 15.00 15.15 15.30 15.45 15.61 15.77 15.92 16.08 16.25 16.41 16 
3.3 | 16.57 16.74 16.91 17.08 17.25 17.42 17.60 17.77 17.95 18.13 17 
dee | ees 18.50 18.68 18.87 19.06 1g225 19.44 19.64 19.84 20.03 19 
7 | 20.24 20.44 20.64 20.85 21.06 21.27 21.49 21.70 21.92 22.14 21 
8 | 22.36 22.59 22.81 23.04 23.27 23.51 23.74 23.98 24.22 24.477 23 
9 | 24.71 24.96 25.21 25.46 25.72 25.98 26.24 26.50 26.77 27.04 26 
4.0 | 27.31 27.58 27.86 28.14 28.42 28.71 29.00 29.29 29.58 29.88 29 
1 | 30.18 30.48 30.79 31.10 31.41 31.72 32.04 32.37 32.69 33.02 32 
2 | 33.35 33.69 34.02 34.37 34.71 35.06 35.41 35.77 36.13 36.49 35 
3 | 36.86 37.23 37.60 37.98 38.36 38.75 39.13 39.53 39.93 40.33 39 
4 | 40.73 41.14 41.55 41.97 42.39 42.82 43.25 43.68 44.12 44.57 43 
4.5 | 45.01 45.47 45.92 46.38 46.85 47.32 47,80 48.28 48.76 49.25 47 
6 | 49.75 50.25 50.75 51.26 51.78 52.30 $2.82 53.35 53.89 54.43 52 
7 | 54.98 55.53 56.09 56.65 57.22 57.80 58.38 58.96 59.56 60.15 58 
8 | 60.76 61.37 61.99 62.61 63.24 63.87 64.52 65.16 65.82 66.48 64 
9} 67.15 67.82 68.50 69.19 69.89 70.59 71.30 72.02 72.74 73.47 7\ 
3.0 | 74.21 


If x > 5, cosh x = Yale”), and logio cosh x = (0.4343)x + 0.6990 — 1, correct to four signifi- 
cant figures. 
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Hyperbolic tangents [tanh x = (e*7—e~*) /(e*7-+e-*) =sinh x/cosh x] 


Remo e Ts ok =-s: 2 tam lara) Semele. A} viet =] eg Tere 


0.0 | .0000 .0100 .0200 .0300 0400 .0500 0599 0699 .0798 0898 | 100 
0997 1096 1194 1293 1391 1489 1587 1684 1781 1878 98 
1974 .2070 2165 .2260 22005 2449 2543 .2636 .2729 .2821 94 
2913 3004 3095 3185 32/79 3364 3452 3540 3627 3714 89 
3800 3885 3969 4053 4136 4219 4301 4382 4462 4542 82 


9 


4621 4700 4777 4854 4930 .5005 .5080 5154 5227 5299 78 
5370 544] 5511 5581 5649 of 7 5784 5850 5915 5980 67 
6044 6107 6169 6231 6291 .6352 6411 6469 6527 6584 60 
-6640 6696 6751 6805 6858 6911 6963 7014 7064 7114 52 
7163 72) 725? 7306 7352 7398 7443 7487 7531 7574 45 


7616 7658 1699 LS? 1779 7818 7857 7895 7932 7969 39 
8005 8041 8076 8110 8144 8178 8210 8243 8275 8306 33 
8337 8367 8397 8426 8455 8483 8511 8538 8565 8591 28 
8617 8643 8668 8693 8717 874] 8764 8787 8810 8832 24 
8854 8875 8896 8917 8937 8957 8977 8996 9015 9033 20 


0 


2 
3 
4 
5 
6 
vf 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 9468 9478 .9488 9498 9508 9518 9527 9536 9545 9554 
9 
te] 
1 
Zz 
%) 
4 
5 
6 
7 
8 
9 
0 
0 
0 
x 


1. 9052 9069 .9087 9104 7 ae 9138 9154 9170 9186 9202 17 
Spas 9232 9246 926) 9275 9289 -9302 9316 9329 9342 14 
F 9354 -9367 IS7T9 ag 9402 9414 9425 9436 9447 9458 11 
9 
9562 9571 9579 9587 Reh .9603 9611 9619 9626 .9633 8 
2. .9640 9647 9654 97661 9668 .9674 -9680 .9687 9693 9699 6 
9705 9710 9716 MUR: 9727 WY. 9738 9743 9748 9753 5 
9757 .9762 9767 9771 9776 .9780 9785 9789 9793 9797 4 
-9801 9805 .9809 9812 9816 9820 9823 .9827 9830 9834 4 
.9837 .9840 9843 9846 9849 9852 9855 9858 9861 .9863 3 
2. 9866 9869 9871 .9874 .9876 9879 9881 9884 9886 .9888 2 
9890 9892 9895 9897 9899 9901 9903 9905 9906 7908 2 
9910 9912 9914 I915 IIIT IDO 9920 9922 9923 9925 2 
9926 9928 9929 9931 9932 9933 9935 9936 VES 9938 1 
9940 9941 9942 9943 9944 9945 9946 9947 9949 9950 ] 
3. 9951 9959 9967 9973 9978 9982 9985 9988 9990 9992 4 
4. 9993 9995 9996 9996 9997 9998 9998 9998 9999 9999 1 
ae 9999 
lf x > 5, tanh x = 1.0000 to four decimal places. 
Multiples of 0.4343 [0.43429448 = logy e] 
ERRATA EE ETT ABLE LI OIE EST OR, 
> ant fe) lal | 2 | 3 | 4 | 5 | 6 eA pe A | 9 
0.0 0.0000 | 0.0434 0.0869 0.1303 0.1737 0.2171 0.2606 0.3040 0.3474 0.3909 
1.0 0.4343 0.4777 0.5212 0.5646 0.6080 0.6514 0.6949 0.7383 0.7817 0.8252 
2.0 0.8686 0.9120 0.9554 0.9989 1.0423 1.0857 1.1292 1.1726 1.2160 1.2595 
3.0 1.3029 1.3463 1.3897 1.4332 1.4766 1.5200 1.5635 1.6069 1.6503 1.6937 
4.0 1.7372 1.7806 1.8240 1.8675 1.9109 1.9543 1.9978 2.0412 2.0846 2.1280 
5.0 2.1715 2.2149 2.2583 2.3018 2.3452 2.3886 2.4320 2.4755 2.5189 2.5623 
6.0 2.6058 2.6492 2.6926 2.7361 2.7795 2.8229 2.8663 2.9098 2.9532 2.9966 
7.0 3.0401 3.0835 3.1269 3.1703 3.2138 3.2572 3.3006 3.3441 3.3875 3.4309 
8.0 3.4744 3.5178 3.5612 3.6046 3.6481 3.6915 3.7349 3.7784 3.8218 3.8652 
9.0 3.9087 3.9521 3.9955 4.0389 4.0824 4.1258 4.1692 4.2127 4.2561 4.2995 


Multiples of 2.3026 [2.3025851 = 1/0.4343 = log, 10] 


x | Ooo ik ewes Me | eae Ce fh Ol Une eet low oor | a9 
0.0 0.0000 0.2303 0.4605 0.6908 0.9210 1.1513 1.3816 1.6118 1.8421 2.0723 
1.0 2.3026 2.5328 2.7631 2.9934 3.2236 3.4539 3.6841 3.9144 4.1447 4.3749 
2.0 4.6052 4.8354 5.0657 §.2959 §.5262 5.7565 5.9867 6.2170 6.4472 6.6775 
3.0 6.9078 7.1380 7.3683 7.5985 7.8288 8.0590 8.2893 8.5196 8.7498 8.9801 
4.0 9.2103 9.4406 9.6709 9.9011 | 10.131 10.362 10.592 10.822 11.052 11.283 
5.0 | 11.513 11.743 11.973 12.204 12.434 12.664 | 12.894 13.125 13.355 13.585 
6.0 13.816 14.046 14.276 14.506 14.737. | 14.967 15.197 15.427 15.658 15.888 

7.0 16.118 16.348 16.579 16.809 17.039 17.269 17.500 17.730 17.960 18.190 
8.0 18.421 18.651 18.881 19.111 19.342 19.572 19.802 20.032 20.263 20.493 
9.0 | 20.723 20.954 21.184 21.414 21.644 21.875 22.105 22.335 22.565 22.796 
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Exponentials [e” and e~”] 


n |e diff| n |e dif| n | e* | nn |e diff| n | eo | n_ | eo (*) 

0.00 | 1.000 10 0.50 | 1.649 16 1.0 2.718 | 0.00 1.000 __16 0.50 | .607 1.0 | .368 
01 1.010 10 51 | 1.665 7 A | 3.004 ,01 0.990 __ 19 -51 | .600 1 eeoae 
02 | 1.020 10 52 | 1.682 17 a2 3.320 02 980 _19 ses Mecsyes 2 WewsOr 
03 | 1.030 il §3 | 1.699 7 3 3.669 03 Li) 9 53 | .589 oh | eee 
04 | 1.041 54 | 1.716 4 4.055 04 961 54 | .583 4 | .247 

10 17 10 

0.05 | 1.051 1 0.55 | 1.733 18 1.3 4.482 | 0.05 951 9 0.55 | .577 1.5 | .223 
.06 | 1.062 1] 256) G7 58 17 6 4.953 .06 942 19 56 | .571 6 | .202 
.07 | 1.073 10 -57 | 1.768 18 7 5.474 .07 932 9 57 | .566 Ge 
08 | 1.083 11 58 | 1.786 18 8 6.050 .08 923 9 58 | .560 8 | .165 
09 | 1.094 1 -59 | 1.804 18 9 6.686 .09 914 9 59 | .554 9 | 10 

0.10 | 1.105 1 0.60 | 1.822 18 2.0 7.389 | 0.10 905__ 9 0.60 | .549 2.0 | .135 
eld | 1.116 1 61 | 1.840 19 1 8.166 WW 896 9 601i! 054.3 ole edie 
A227 12 62 | 1.859 19 2 9.025 12 887 _ 9 62 | .538 2) i 
13) 4012139 1 63 | 1.878 18 3 9.974 13 878 9 63 | .533 3 | .100 
14 | 1.150 12 -64 | 1.896 20 4 11.02 14 Boo 8 64 | .527 4 | .0907 

0.15 | 1.162 12 0.63 | 1.916 19 2.5 12.18 0.15 Cote 9 0.65 | .522 2.5 | .0821 
“16 | 1.174 1 66 | 1.935 19 6 13.46 16 852 __ 8 66 | .517 6 | .0743 
Ve e185 12 67 | 1.954 20 Z 14.88 aie 844 9 67%) S512 7 | .0672 
eRe aa berg 12 68 | 1.974 20 8 16.44 18 835 8 68 | .507 8 | .0608 
19 | 1.209 69 | 1.994 9 18.17 19 827 69 | .502 9 | 0550 

nz 20 —§ 

0.20 | 1.221 13 0.70 | 2.014 20 3.0 20.09 0.20 819 __ 8 0.70 | .497 3.0 | .0498 
21 1.234 12 71 | 2.034 20 l 22.20 2) Aon i eal 8 71 | .492 1 | .0450 
22 | 1.246 13 72 | 2.054 71 2 24.53 one 803 __ 8 72 | .487 2 | .0408 
230 P1259 12 73 | 2.075 21 | 27.11 aPC) ih dapat 8 73 | .482 3 |e 0369 
24 | 1.271 13 74 | 2.096 21 4 29.96 24 7Acy/ i 8 74 | 477 4 | 0334 

0.25 | 1.284 13 0.75 | 2.117 21 3.5 33.12 0.25 TU tae 8 0.75 | .472 3.5 | .0302 
26 We 2e7 13 76 | 2.138 22 6 36.60 26 Be A\ a 8 76 | .468 6 | .0273 
Bt atO 13 77 | 2.160 21 vf 40.45 .27 163)\__ 7 77 | 463 7 | .0247 
28. 101.323 13 78 | 2.181 22 8 44.70 .28 7 56) 8 78 | 458 8 | .0224 
29 | 1.336 14 79 | 2.203 23 39 49.40 Px 748 7 79 | 454 9 | .0202 

0.30 | 1.350 13 0.80 | 2.226 22 4.0 54.60 0.30 741 _ 8 0.80 | .449 4.0 | .0183 
Oly .1.063 14 81 | 2.248 22 ] 60.34 31 735. 7 81 | .445 1 0166 
2 Spol.377 14 82 | 2.270 23 2 66.69 Reis 726 _ 7 82 | .440 DA Oa 
33s} 1.391 14 83 | 2.293 3 3 73.70 Pet) TASS 7 83 | .436 3 | .0136 
34 | 1.405 84 | 2.316 4 81.45 34 712 84 | .432 4 | .0123 

14 24 —7 

0.35 | 1.419 14 0.85 | 2.340 23 4.5 90.02 0.35 EhOS'.S 7 0.85 | .427 4.5 | 011! 
36 | 1.433 15 86 | 2.363 24 36 698 _ 7 86 | .423 
37 | 1.448 14 87 | 2.387 24 5.0 148.4 SY / 691 7 87 | .419 5.0 | .00674 
38 | 1.462 15 88 | 2.411 24 6.0 403.4 .38 684 7 88 | .415 6.0 | .00248 
39 | 1.477 15 89 | 2.435 25 7.0 1097. 39 Ay 7 89 | .411 7.0 | .000912 

0.40 | 1.492 15 0.90 | 2.460 24 8.0 2981. 0.40 670 __ 6 0.90 | .407 8.0 | .000335 
4] 1.507 15 91 | 2.484 25 9.0 8103. 41 664 7 91 | .403 9.0 | .000123 
ADV O22 15 92 | 2.509 2% 10.0 | 22026. 42 Oot en 6 92 | .399 | 10.0 | .000045 
43 | 1.537 16 935| 2:535 25 43 Ato) fame 7 Snore 
44 | 1.553 15 94 | 2.560 2% aw /2 4.810 44 644 6 94 | 391 w/2 | .208 

Qn /2 23.14 2n/2 | .0432 

0.45 | 1.568 16 0.95 | 2.586 % 3x /2 Wes 0.45 638 __ 7 0.95 | .387 | 37/2 | .00898 
46 | 1.584 16 96 | 2.612 2% 4n/2 §35.5 46 $601 oy 6 96 | .383 | 44/2 | .00187 
47 | 1.600 16 97 | 2.638 2% 52/2 2576. 47 20m 6 97 | .379 | 5x/2 | .000388 
48 | 1.616 16 98 | 2.664 27 6/2 | 12392. 48 {elfen 6 98 | .375 | 6r/2 | .000081 
49 | 1.632 7 99 | 2.691 97 7/2 | 59610. 49 613 6 99 | .372 | 7x/2 | .000017 

8/2 |286751. 8/2 | .000003 

0.30 | 1.649 1.00 | 2.718 0.50 | 0.607 1.00 | .368 


* Note: Do not interpolate in this column. 
Properties of e are listed on p. 1040. 
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Normal probability density function 


l x? 

g(x) (D_)t2 XP , (Standard deviation 0 = 1) 
Koi ede oe xe 9G) Pl Pes pO) | ho Se 
0.0 0.3989 1.0 0.2420 2.0 0.0540 3.0 0.0044 
0.1 0.3970 1.1 0.2179 aN 0.0440 3.1 0.0033 
0.2 0.3910 12 0.1942 PEL 0.0355 3.2 0.0024 
0.3 0.3814 1.3 0.1714 Zo 0.0283 3.3 0.0017 
0.4 0.3683 1.4 0.1497 2.4 0.0224 3.4 0.0012 
0.5 0.3521 Ls 0.1295 Pie 0.0175 30 0.0009 
0.6 0.3332 1.6 0.1109 2.6 0.0136 3.6 0.0006 
0.7 0.3123 1.7 0.0940 2.7 0.0104 3.7. 0.0004 
0.8 0.2897 1.8 0.0790 2.8 0.0079 3.8 0.0003 
0.9 0.2661 1.9 0.0656 2.9 0.0060 3.9 0.0002 

4.0 0.0001 


Probability of deviation from mean in normal distribution 


The probability that the absolute deviation from the mean |x — pu| exceeds 
t times the standard deviation a is p/100. 


Ee OR «CY i ERE Tay Bae 77) p Hp) |i 
0.0 100.000 2.2 278) 100 0.0000 AQ’ 0.8416 
0.2 84.148 2.4 1.640 95 0.0627 35 0.9346 
0.4 68.916 2.6 0.932 90 0.1257 30 1.0364 
0.6 §4.851 2.8 O51 85 0.1891 25 1.1503 
0.8 42.371 3.0 0.270 80 012533 20 1.2816 
1.0 SLO 3.2 O37 75 0.3186 5 1.43895 
12 23.014 34 0.067 70 0.3853 10 1.6449 
1.4 16.151 3.6 0.032 65 0.4538 5) 1.9600 
1.6 10.960 3.8 0.014 60 0.5244 l 2.5758 
1.8 7.186 4.0 0.006 55 0.5978 0.1 3.2905 
2.0 4.550 50 0.6745 0.01 3.8906 


45 0.7554 0.001} 4.4172 
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Cumulative normal distribution function 


! . x—py 
= ———_ mea d 
i ae ea x o ) ; 


x | (x) | x | P(x) | x | P(x) 
pu — 4.00 J i10-" p — 13¢ 0.0968 w+ 140 0.9192 
ii 3.90 5x10” pT a EL: 9 0.115] p+ 1.50 0.9332 
pe — 3.8 plop ACO! joo Lae 0.1357 p+ 1.60 0.9452 
p — 370 0.0001 = 1.00 0.1587 w+ 170 0.9554 
fie Bbc 0.0002 n+ O9e 0.1841 eo ae 0.9641 
i 3.00 0.0002 p —08e 0.2119 w+ 19¢ 0.9713 
uw — 340 0.0003 p= Q.70 0.2420 p+ 2.00 0.9772 
p — 3.3¢ 0.0005 Le Cor 0.2743 p+ 2.10 0.9821 
ie S20 0.0007 p =~ 0.50 0.3085 w+ 2.20 0.9861 
p— 3.10 0.0010 p — 0.40 0.3446 w+ 2.30 0.9893 
pw — 3.00 0.0013 he O30: 0.3821 pb + 2.40 0.9918 
jis ote 0.0019 ni 020 0.4207 w+ 2.50 0.9938 
be — 2.80 0.0026 ue — 0.lo 0.4602 p+ 2.60 0.9953 
no 2/0 0.0035 M 0.5000 p+ 2.70 0.9965 
wb — 2.60 0.0047 w+ 0.lo 0.5398 w+ 2.80 0.9974 
p— 250 0.0062 w+ 0.20 0.5793 p+ 2.9¢ 0.9981 
yw — 2.40 0.0082 pw + 0.30 0.6179 pe + 3.00 0.9987 
pB— 2.3¢ 0.0107 uw + 0.40 0.6554 p+ 3.lo 0.9990 
ee 0.0139 ht Oise 0.6915 i + 3.20 0.9993 
pw — 2.10 0.0179 w+ 0.60 0.7257 w+ 3.30 0.9995 
206 0.0228 OTe 0.7580 aay 0.9997 
Aa 0.0287 PERE 0.7881 aeury 2 0.9998 
B18 0.0359 p+ 0.90 0.8159 p + 3.60 0.9998 
nee ee 0.0446 Ae epee 0.8413 eee bs 0.9999 
ee 1.60 0.0548 ut lle 0.8643 p+ 3.80 1— (7X 10) 
Vibes sy 3 0.0668 p+ 1.2¢ 0.8849 w+ 3.90 1— (5X 107) 
are 0.0808 ae ho 0.9032 i 46a | 1—@Bx 10-5) 


| 18 CHAPTER 38 


"9901 *d uO suolouny jesseg uo ydos6 pun uolssnosip OS|D 00S x 


0S9L‘0— ees l‘O— LOovl‘o— €SZ1'0— 26010 — 6160°0— 9€20°0— yyS0'0— 9¥E0'0— ZvlOO— 4 SL 
7900°0 12Z0°0 9Z¥0'0 62900 $280'0 $9010 S¥Z1'0 ylyl‘o 0ZS1°0 LLZL0 v1 
9€81°0 €v61°0 ZE0Z'0 LOLZ0 0120 LL12'0 €81Z'0 £9170 6Z1Z'0 6902'0 EL 
8861°0 £8810 99L1°0 92910 69P1°0 96Z1°0 80LL°O 80600 4690°0 LL¥0°0 ZL 
0$Z0'0 0Z00°0-++ €1Z0'0— 9¥70'0— £L90°0— Z060°0— IZLL'0— ocel'0— 87S 1'0— ZLLLO— | IL 
1ggl0— ZE0Z'0— vILZO— 9270 — 99€Z0— vErZ0— LLyZ0— 9647 0— 06>Z'0— 6$r70— | OL 
€0rZ'0— €ZETO— 81ZZ0— 0602'°0— 6€61'0— 89Z1°0— LLS1'0— LICL O— ZL LO— €060'0— | 6 
-€$90°0— 26£0°0 — SZL0';0— 9¢10'0 61¥0°0 Z690°0 0960°0 22210 SZPL°0 AVA) 8 
¥r61'0 75170 9¥EZ°0 91SZ°0 €99Z'0 98220 78870 L$6Z'0 1662'0 LOOE'O L 
[86Z'0 L€6Z°0 L$8Z°0 0vZZ°0 109Z'0 CErZ'0 8EZZ'0 £10Z'0 €ZL1°0 90$1°0 9 
02Z1°0 £160°0 66500 0£20°0+ 8900°0— 7100 — 8$Z0°0— €OLl'O— err l'O— 94LL0— 1S 
46020 — y0rZ'0— £697 0— 19670 — S0ze'0— ESE — OL9E'0— 99LE0— L88¢°0— IZeeo— | ¥% 
8L0r'0— 9700 — 76660 — 816e0— Loge0— er9e0— erre 0— ZOZE'0— LZ6Z0— loyzo— |e 
€rZ70— osgl'0— yZrlO— 8960°0— ¥8%0'0— $Z00'0 $$50°0 yOLL'O 99910 6€2Z'0 4 
818Z'0 OOvE'0 086€°0 ySS¢'0 SLLS"0 6999°0 L0Z9°0 L129°0 96120 Z$92'0 l 
¢Z08°0 €9¥8°0 Z188'0 0Z16°0 $8€6'0 7096°0 91160 0066°0 $1660 0000°1 0 
60 | 8°0 | £0 } 90 | sO | a) | £0 be. Zo | ey: | 0 | z 
REARING IEE IIS TIN CIEE, 
,SUOHIUNY Jassag (Z)°¢—y] ojqpy 


MATHEMATICAL TABLES | q 


080L*O Lyz10 
69020 99020 
S9LLO ¥860°0 
7160°0— vuia= 
06220 — €ZESO — 
£09 0— cor LO — 
¥890°0 8260°0 
65520 17920 
26120 ¥L0Z°0 
6¥vE0°0 — 75900 — 
1S6c°0— OLLE'O— 
Ly le0— $8620 — 
Z£C20'0 — 8Z10°0 
ySZE0 Z60¥'°0 
o18S°0 SL8S°0 
650470 889E'0 


6°0 8°0 


suoljUNy jesseg 


ZOrL*O 
€v02'0 
1620°0 
L0e'o— 


ceec 0— 
yZo1'0— 
99LL'O 
£69%0 


€lslO 

€560°0 — 
LyZe'0— 
16260 — 


8eS0'0 
9lvy'0 
8Z25°0 
0620 


panulyuol 


vySl°O 
6661°0 
06S0°0 
Zev l-0— 


0ZEZ'0— 
ZLOlLO— 
S6€1°0 
822'0 


26S 1°0 

oszl'‘O— 
Cree 0 — 
9950 0— 


$$60°0 
80Z¥'0 
6699°0 
L980 


ZL9L°0 
vest’ 
08€0°0 
Ss7t0= 


¥8%0'0 — 
68Z0°0 — 
EL9l'O 
L€Za'0 


ZSEL'0 

ges l'O— 
ylyeO— 
Lig¢o— 


yZel0 
| Z6¢°0 
6ZS5°0 
€7vo'0 


y8Z1°0 
Osgl"0 
99L0°0+ 
L081'0— 


$ZZE0 — 
wu 
9L8L°0 
80220 


9601°0 

918LO0— 
esve'0— 
82020 — 


Z6Z1°0 
ZO0%S"0 
6175°0 
096L°0 


a) 


6Z81°0 
ZyZ\°0 
Z500°0 — 
cré6l 0— 


erlao— 
ElLeoo— 
¥002'0 
L59Z'0 


9Z80°0 

18020 — 
09VE'0 — 
6LZL0— 


L0Z2'0 
66€5°0 
022S°0 
€8r "0 


£°0 


SS61°0 
929 10 
1£Z0°0 — 
09020 — 


6€02'0— 
9900°0 — 
yZlZ0 
08920 


€vS0'0 
620 — 
CcEVE O— 
98EL'O— 
€19°0 
09S5°0 


€86r'0 
$660°0 


ZO 


€L0Z°0 
88rl°0 
68700 — 
L51G0— 


eteru=— 
¥8L0°0 
ZEST 
9L¥0 


7$Z0'0-+ 
6567 0— 
LZee'0— 
col’ O— 


600€°0 
€895°0 
60240 
6640°0 


1°O 


1S0Z'0 SL 
yeel'0 vl 
cozo'o— | El 
ye7ZO— | ZL 
goLto— | it 
Sev0'0 Ol 
€S¥7'0 6 
9VE7'0 8 
Zrooo— |Z 
L9lz0— |9 
gizeo— |g 
0990'0— | ¥ 
L6ee'0 € 
19L5°0 Z 
LOry‘0 L 
00000 0 


(Z)'t—Il 9191 


| 120 CHAPTER 38 


6°0 


8°0 


CA AE ESOL PEE EES EEO, 
SUOHJIUNY Jassag 


(i ==Z20 


penuyuod 


9°0 


s°0 


v°0 


€°0 


aa) 


L°O 


€Sse'0 08Z¢e"0 €69€'0 y6SE'0 y8re'0 S9CE'0 9EZE'0 eo) ox) 85670 L18Z'0 v 
199Z'0 20SZ'0 €S€7'0 86170 yr07'0 16810 €rZL'0 26S1°0 9S¢L'0 OZEL‘O € 
0611°0 29010 0$60°0 Or80'0 8€Z0'°0 €+90'0 9650'0 9200 S0v0'0 Ove0'0 Z 
€8Z0'0 Z€Z0'0 8810°0 0S10°0 8LL0°0 1600°0 8900°0 0S00°0 9€00'0 $Z00'0 L 
9100°0 0100°0 90000 €000'0 Z000'0 1000°0 0000°0 0000°0 0000°0 0000°0 0 
6°0 8°0 | £0 9°0 sO v0 £°0 z'0 L‘O | 0 | z 
(Z)"F—A ®19PL 
LL8e"0 ZS6E'0 ZZO¥'0 LZLr'0 LyZv'0 LO€r'0 eeer'0 rrer'0 ceer'0 ZOEr'O v 
OSzr'0 08lr'0 Z60¥'0 886e°0 8980 yEle0 88Se'0 LEve'0 79ZE0 L60€°0 € 
1162'0 1270 OrSZ'0 €SEZ'0 99170 18610 O08L‘0 €Z9IL‘0 €Srl'0 68710 Z 
vELLO 8860'0 1$80°0 SZL0°0 0190°0 $0S0°0 LL¥0'0 6Z£0°0 2SZ0°0 9610°0 L 
yv10°0 ZOLO'O 6900'0 7r00'0 9Z00'0 €100°0 9000'0 Z000°0 0000'0 0000°0 0 
6°0 8°0 | £0 9°0 sO v°0 £0 Ade) L°O | re) | z 
(Z)°F—AI P19PL 
€180'°0 LOLL'O 90S1°0 97810 8170 LOSz'0 L18Z'0 SOLEO €Sce'0 Lv9€'0 v 
6L8€'0 €60¢'0 €87r'0 Srrr'0 98540 169¥'0 08Zr'0 SE8r'0 Z98¥'0 L98r'0 € 
ZERY'O LLL¥'0 96940 06S+¢'0 L9rr'0 OLEr’0 6E1F'0 LS6€°0 9rlE'0 SZSE0 A 
66Z€'0 190€'0 21870 025Z'0 LZEZ'0 72070 O€8l0 €6S1°0 99€L'0 671 1'0 L 
9760'0 85Z0°0 88S0'0 L€r0'0 90€0'0 16100 ZL10°0 0S00°0 Z100°0 0000°0 0 


(Z)°F—Il] 2192] 


MATHEMATICAL TABLES | 2 | 


10$80°+- 


LySl0°— 
eri — 


826° — 
0ZES — 


£810 — 
g0Sl°— 


SLY — 
Z1180'+ 


1081°+ 
y0@Z'+ 


oest'+ 
¥Z9L0'+ 


S¥Z90°— 
872 k— 


ervlo— 
0ts 


LOrv10°— 
veel’+ 


ZL + 
LZ 


SEET'+ 


129+ 
86990°+ 


90070" — 
Olyl"— 


Svig — 
90%2' — 


$200 — 
osll’— 


$S0220°+ 
Wet 


vela+ 
€610'+ 


ZOvl'+ 
OzEEz20"+ 


LL 
LLIG— 


Le6U— 
ZE0L0°— 


86260°+ 
6900'-+ 


(pier | (enor 


| 


208000" = ZO8e0" PYD 991200" = 981220" PION 


$00e"+ y08Z'-+ S00 + LeZV'+ } LL090+ | PSEZO'+ | 796920" | B9FLZO'+ | OS6le0'+ | E6Z1¥0°+ | F1SZ%O'+ | 1€9Z%O"+ ool 
9082+ isoe’+ 9%S7 + ZZ9U'+ | 1Z680°+ | Sezeo-+ | zez1O°+ ~ - - - _ 56 
yOEZ'-+ 680€"-+ 6160+ 6rlo+ eozi+ | zesso'-+ | Zlizo’+ | ozsseo'+ | 9¢e6e0'+ | OFr8s0'+ | Z6rZs0'+ | 6hZS20'+ 06 
96r + gee7'+ 69le'+ ee9e' + SiZi'+ | sego'+ | OzS€0°+ — -— — - - S°8 
O1SP0"+ os7z’-+ 6Lle'+ 1S0e’-+ SE7'+ oszi'-+ | essso-+ | ipeto’+ | 6ZOre0'+ | vedreO'+ | B1ZZ0'+ | 2r6.0°+ 08 
$9890°— peel’+ 1987+ zoce’+ 65/0 + ZZZU+ | t¥Z80°+ — _ - _ _ SL 
€0ZI'— | seglo’+ LA1e+ Sl0e+ 90ze"+ 9¢€7'+ 96zi+ | geeso+ | SISio-+ | ZrS%0'+ | 67Zle0°+ | ZOSls0°+ 02 
yS€t— glol'— €ZLt'+ 0L8%°+ 9Sve'+ L16e°+ eegi+ | essgo-+ | 2820+ | 6520+ | L9ve0°'+ 990° + 59 
lero — 9102 — | 9rrLO’— | -€r0%+ 9/ee'+ zé6ee+ esre+ ole + | 606r0'+ | SELLO'+ | ZOZLz0'+ | ¥60%0°+ 09 
798l'— ges7— lorl’— | 6€r80'+ 9587+ yeve'+ g60e'+ 9061+ | 19z80'+ | 99ZZ0°'+ | €26%0°+ ¢Z50°+ ss 
LyeLo'— egez'— Iyez— | vosso’— esegl'+ 6Zye+ iz9e-+ 119%°+ izel'+ | eoero'+ | OFOZz<0'+ | 86PZe0'+ 0's 
LS¥90°+ 61S L'— 7997 — 6esl'— | 7120+ 0087°-+ 9ree'+ Zeee’+ €66l'+ | O9ZZ0°+ | 68S10°+ | 208e0°+ SY 
S7Bl'+ | PvOSlO'— 9610 — $S9 — rS0l°— gZSi°+ 9/S¢°'+ 7166+ L18%°+ ozel'+ | Ooveo’+ | LZPZ20°+ Ov 
Srez+ yoZl+ | $9660°— £897 — 9zez'— | €0rez0'— 1L9t'+ OOLr’-+ es9e'+ 1ol7+ | zsg90°+ | 981Z20°+ se 
1S6l'+ €Z@'+ | gesso’+ 6081'— 116z°— 919° — Srli+ 8r9e'+ zoer’+ 160¢°+ 6871+ | 99610'+ oe 
Z2L0'+ erez + L96U'+ | LLyZO'— 90S%°— reEZ— | $6zZ0°— p0r7'+ 60¢¢'+ ZZi¢+ 672+ | 09670'+ aA 
€6780°'— O6€L'-+ 9ST + Sry l'+ oell'— yloe’— 6@re— | LS9r0'+ 1v9e"+ 198h°+ ezse'+ 6PLi'+ 0% 
Lr0%— | €6220°— 0861'+ SySt+ | €6S20°'+ 166l°— 6lte'— L691 — esel'+ Lily'+ €l6r'+ COPS + | SL 
ye~'— e9Zl'— | LrerO'+ Sho + PET + | €89b20'— Le — 9/76'— | ¥0990'— \6ee°+ L915°+ lOvr'+ on 
971" — 90¢2 — e/el'— 9601+ 1620°4- 1g6t'+ | ZOL60°— wre" — 6loe’-— | 10S90°+ oeis+ v1 Z9°+ $0 
69Z¥0'+ ZZ — 657 — | €€060'— ZiZ'+ 100+ 90S 1°+ 9LL'— 1Z6e°— 109% — 6E70' + ZS9L'+ 0 
ee ee ee ee ee rr EEE GREET SEO CSET RT =" J PS 
(ier | (ior | Coler | (oor | (eer | (aor | (oor | (s)or | (hor | (eer | (zor | (ier | 4 
panuyuod IA 219PL 


suoljouNy jassag 


ZA 


Rete Renee 


r] 


-. x“ 
one 

, 
t 


a eee 


YR RET mar ater er ie ene ey 


er rr Nae eile Set on 


‘ 
woe 
ue wen new 


TRIER YS mtann SeR are ampmmeion Rane 1H aM MATIN MEE SYRIA) SB LR TAM MN ok MR Sy mI RSM SR ev mn WN ERAS cer Ee a Et SE aN NE die be 


? 
3 Veep 
© 
alt ae = oe ~ ~~ . 
,.4 
ators « ~ ~ Se 
‘ 
’ 
2 Ok ei ee w . er ee eee rare rt 
u 
. ‘ ¢ 
é 
q « 
wile . = 4 . 


A 


ABCD matrix 
Absolute zero 
Absorption 
atmospheric 
coefficient 
factor, earth 
unit 
AC capacitor 
Accelerated life test 
Acceleration 
error constant 
measurement 
Accelerator 
linear 
particle 
Acceptor impurity 
Acoustic 
compliance 
resistance 
spectrum 
Acoustics 
AC resistance 
Acrylic spray 
Activity, radioactive 
Adcock antenna 
Adding network 
Addition, matrix 
Adjugate 
Admittance 
electrode 
measurement 
Aerial telephone circuits 
Aging, rectifier 
Air pressure 
Algebra 
matrix 
Allegheny alloy 
Allocations, frequency 
Alloy 1040 
Alloys, physical constants 
Alphabet, Greek 
Alpha cutoff frequency 


924, 


129; 


120, 124, 138 
380 
269 
820 


Alpha particle 
Alrok 


Alternating current supplies 


Alternating-gradient field 
Altitude-pressure graph 


index 


Aluminum electrolytic capacitor 
AM (see also Amplitude modulation) 


Amateur frequency bands 


American Standards Association 
American wire gauge (see also Wire 


tables) 
Ampere-turn 
Amplication factor 
Amplifier 
audio frequency 
cascode 
cathode coupled 
class of 
clipper 
differential 
distortion factor 
electron tube 
grid current 
grounded cathode 
grounded grid 
grounded plate 
klystron 
low noise 
magnetic 
pairs 
plate efficiency 
power 
radio frequency 
repeater 
resistance coupled 
selective 
transistor 
traveling wave 
video 
Amplitude compression 
Amplitude modulation 
interference 


490, 499, 


¥9; 422; 


890 
926 
929 
901 
920 
102 
548 

iS 

76 


50 
324 
376 


442 
447 
447 
432 
447 
447 
459 
432 
432 
445 
445 
445 
391 
398 
323 
446 
432 
869 
437 
828 
450 
459 
511 
395 
413 
972 
27. 
536 


Amplitude, traveling wave 


Amplitude, traveling wave 
Analog, acoustical 
And circuit 
Anemometer 
Angle arrival, departure 
Angstrom unit 
Angular modulation 
Anisotropy constant 
Annealed copper wire 
Anode 

magnetron 

strap 
Anode-follower 
Anodizing 
AN system 
Antenna 

Adcock 

array 

array problems 

computations 

corner reflector 

discone 

effective area 

efficiency 

gain 

height 

helical 

horn 

isotropic 

loop 

parabolic 

radar 

rhombic 

slot 

system 

vertical 
Anticoincidence 
Aperature 
Apparent phase velocity 
Apparent power gain, antenna 
Application, patent 
Arc suppression 
Area 

antenna 

hyperbolic triangle 

irregular surface 

plane figures 

triangle 
Argand diagram 
Arithmetic progression 


Armco 
Armed Services Electro-Standards 
Agency 
Armed Services lists 
cables 
tubes 


waveguides 
ARQ Moore code 
Array 

broadside 

linear 


662, 


803, 


76, 


692 
690 


Articulation index 
Art work, printed circuit 
ASA 
sheet-metal gauge 
A scope 
ASESA 
Askarel impregnant 
Aspect ratio 
Assignments, frequency 
Associative law 
Astable circuit 
blocking oscillator 
gas-tube oscillator 
multivibrator 
transistor circuit 
Astronomy, radio 


465, 


Asymmetrical inductive diaphragm 


Asymptotic approximation 


Atlantic City Radio Convention 


Atmospheric 
absorption 
noise 
pressure 
refraction 
Atom, definition 
Atomic 
constants 
mass 
mass unit 
nucleus 
number 
physical constants 
weight 
Attenuation 
atmospheric 
constant 
feedback control 
filter 
free space 
open wire pairs 
radio path 
relative 
transmission line 
Attenuators 
error formulas 
Audio, Audio-frequency 
amplifier 
broadcasting 
distortion 
reactor 
response 
transformer 
input 
output 
transmissions, WWV 
transmitter power 
Auroral zone 
Austin-Cohen equation 
Automobile 
Autotrans former 


34, 


Al, 


164, 


188, 


569, 574, 614, 


442, 


272, 286, 


Average 

power 

value, alternating current 
Aviation frequency bands 
Avogadro’s constant 
AWG, see Wire tables 
Axial 

mode, helix 

ratio 

slot, cylinder 

velocity, helix 


Background noise 
Backlash 
Backward-wave oscillator 
Balanced 

H attenuator 

O attenuator 

shielded line 
Band 

frequency assignments 

nomenclature, radar 

television 
Band-pass filters 
Band-reject filters 


170, 152, 
U79, LSS, gis, 2S 


982 
1007 
150 
14 
34 


687 
666 
689 
684 


538 
366 
399 


252 
252 
589 


" 
802 
787 
ZhL 


Bandwidth Pall [tebe Petey Pyels 
SPM ba wrAce betel oy.! 
acoustic 872 
carrier telephone 830 
electron tube 396 
factor, noise 765, 768 
pulse 542 
relative 190 
Base, transistor 
region 478 
resistance 486, 494 
B & S, see Wire tables 
Basic Radio Propagation Predictions 724 
Baud 541, 846 
Beam 
angle 7.53 
coupling coefficient 383 
width 694, 803 
Beat frequency 811 
Bessel function 535, 1064, 1081, 1118 
Beta particle 888 
Betatron 898 
Beyond-horizon propagation 139° 17 
Bias 
electron tube 432 
magnetic amplifier 327 
transistor 478, 497, 511 
Biased rectangular wave 464 
Bilateral device 511 
Binary 
code 540, 880, 970 
counter 465 
digit 881 


Burst frequency 


Binary (continued) 


pulse-code modulation 540 
system 879 
Binding energy 891 
Binomial 
array 690, 693 
distribution 986 
theorem 1039 
Biological radiation damage 913 
Birmingham wire gauge 50, 61 
Bistable 
electron-tube circuit 466 
switching 343 
transistor circuit 514 
Bit 881, 965 
Bivariate normal distribution 991 
Black oxide dip 927 
Blanking level 795 
Blind speed 813 
Block diagram 947 
Blocking oscillator 473 
Blueing 927 
Bode diagram Spe. 
Bohr electron orbit, Bohr magneton 34 
Bolts 57 
Boltzmann’s constant 34 
Borel theorem 1082 
Boron carbon 82 
Boron-trifluoride counter 907 
Brass plate 927 
Brazing 47 
Breakaway point 357 
Breakdown voltage 
atmospheric 921 
component rating 79 
junction 478 
Brewster’s angle 698 
Bridges, Bridged networks 
H attenuator 252,205 
measuring 263 
rectifier 305 
section 145 
T attenuator 252, 258 
T network 358 
T repeater 830 
T section 247 
Bright acid dip 927 
Brightness 400 
Bright-tungsten emitter 367 
British standard wire gauge 50 
Broadcast, Broadcasting 22, 778 
antenna 674 
FCC requirements 782 
interference 773 
links, remote pickup 14 
Broadside antenna 690 
Bubble chamber 905 
Buenos Aires Convention 9 
Build, coil 279 
Bunching 383 
Burst frequency 794 


Business computer 
Business computer 
Butterworth filter 
Button-mica capacitor 


C 


Cable (see also Transmission 
line) 

~ code 
list of RG 

Cadmium 
plate 
sulfide 

Calculus 
differential 

| integral 

. operational 

Call fetters 

Cancellation circuit 

Candle 

Capacitor, Capacitance 

~ aluminum electrolytic 
balance 
bridge 
button mica 
charge, discharge 
coaxial 
coupling 
diaphragm 
differentiation 
discoidal 
drift 
electrolytic 
fixed ceramic 
impregnated paper 
input filter 
integration 
life of 

~ line pair 
measurement 
metalized paper 
molded mica 
parallel plate 
plastic film 
polar electrolytic 
reactance 
resonance in 
space factor 
tolerance 
transmission lines 
tubular 
tuning 
type designation 
unit 

Carbonyl 

Carrier 
operating line 
radio-frequency | 
semiconductor 
stability 
telegraph 


116, 


536, 


884 
191 
90 


Carrier (continued) 


830, 834 


telephone 
-to-noise ratio asl 
Carter chart 652 
Cascade, Cascaded 
compensation 358 
junctions 648 
networks 201, 241, 447, 451, 507 
noise in DiR76S 
particle 889 
Cassiopeia, noise . 764 
Castor-oil impregnant 94 
Catenary 933 
Cathode 
coupled 
amplifier 447 
phantastron 470 
emission S07, 
follower 444, 448, 462, 465 
gas tube 425 
material 367 
phototube 407. 
ray tube 402 
Cavity 
coupling 641 
impedance 383 
resonator 635 
tuning 639. 
Cayley-Hamilton ‘theorem 094 
CCIT 2 5-unit code 844 
Cellulose acetate dielectric 101 
Centigrade-fahrenheit SS 
Centimetric wave 8 
Central limit theorem 989 
Central Radio Propagation Labora- 
tories 724 
CEP 991 
Ceramic-dielectric capacitor 83 
Cerenkov counter 909 
CGS unit 34 
Channel 
capacity 977 
communication V2 O73 
spacing _ 849 
television 787 
Characteristic 
function 984 
impedance 35, 588, 596, 658, 855 
of component 77 
polygon 657 
vector 1093. 
Charge itn 
capacitor 152 
RLC 154 
Chebishev filter 191 
Check bit 884 
_ Chemical film dielectric 101 
Chi-square a 
distribution 992 
test 996 
Chlorinated synthetic impregnant 94 


Choke 
filter PAN PAs SVT) 
swinging 2353 le, 
Chrominance frequency is 
Chromium plate 927 
Circle 
area 1032 
diagram 147 
Circuit 
diagrams 947 
efficiency, microwave tube 383 
element, waveguide 630 
parameters, general 1435225555 
printed 109 
transistor 499 
tuned (see also Tuned circuit) 577 
vacuum-tube 432 
Circular 
error probable 991 
normal distribution 992 
polarization 666 
ring iS 
waveguide 622 
Citizens’ radio bands ies 
Claim, patent 954 
Class, Classification 
A-amplifier transformer 297 
amplifier 298 #4325512 
broadcast stations 784 
Clearance drill 58 
Clipped, Clipping 
circuit 447, 470, 541 
regenerative 469 
sawtooth wave 1020 
speech 876 
Cloud chamber 905 
Coating 926 
Coaxial 
capacitor 134 
hybrid 634 
line (see also Transmission line) 549, 
955,00 99,) 006, O12, 620 
Code 541 
card 845 
character 541 
color 76 
computor 880 
element 541 
raster 540 
signal reporting 950 
telegraph 842 
Coefficient 
coupling 141, 215, 236 
resistance 80 
Cofactor 1092 
Coherent, 
signal 812 
pulse operation 383 
Coho 812 
Coil 112, 271 
build 279 


Conductor 


Coincidence 911 
Cold-cathode tube 425 
Collector, transistor 478 
capacitance 486, 497 
curves 492 
cutoff current 486, 496 
resistance 486, 494 
Collision ionization 375 
Color 
coding 76 
components 76 
transformer lead 106 
signal 793 
television 787 
Combinations 1038 
Comité Consultatif International Radio 8 
Commercial power supplies 929 
Common 
base circuit 500, 506 
carrier frequency bands 13 
collector circuit 501, 506 
emitter circuit 502, 506 
logarithms 1098 
Communication 
accuracy 964 
channel 973 
process 964 
speed 964 
Commutative law 1085 
Compandors 838 
Comparator 363 
Complement 881 
Complementary symmetry 513 
Complex 
conjugate 1005, 1091 
plane 355 
quantity 1039, 1085 
relative attenuation 190 
Components 76 
indicator 957 
symbols 947 
Composite 
filter 182 
signal, television 794 
Compression, amplitude 838, 972 
Compromise network 832 
Compton wavelength vay. 
Computer, digital 879 
Cenditionally stable system 349 
Conditional probability 970 
Conduction 
band 478 
current 383, 1025 
Conductivity 
earth 714, 783 
ground | 714, 783 
unit 36 
Conductor 
electrical 114, 278, 932 


gauge 50 
printed circuit - 110 


Conductor 


Conductor (continued) 


size 54 

skin effect 128 
Conduit 932 
Cone volume 1035 
Confidence interval 995 
Conformal 

model, hyperbolic space 1050 

reflection chart 652 
Conic frustum volume 1036 
Conjugate LS 

hyperbola 1060 
Conpernik 276 
Constant-current 

characteristic 433 

supply 509 
Constant-K filter 166, 191 
Constants 29, 924 
Constant-voltage generator 189, 325, 509 
Constraints 973 
Contact protection 321 
Continuous variate 981 
Continuous-wave 

modulation 527 

radar 811 
Contour, field intensity 731 
Control 

inductor 327 

point 723 

system component 363 

system, feedback 344 

transformer 364 
Conversion factors 29, 36 
Convolution 1003 

integral 985 

theorem 1082 
Cooling 

electron tube 369 

rectifier 310 
Copper 

oxide 481 

rectifier 308, 481 

plate 927 

sulfide 48] 

wire (see Wire tables) 
Copperweld wire table 53 
Core 

loss 280 

material 72, 276, 280, 284, 337 
Corner reflector 702 
Corona 304 
Corrected wind velocity 924 
Correlation 

coefficient 990 

function 1000 
Corrosion 42, 926 
Cosine 

hyperbolic . 1112 

law of 1053 

pulse 1014 


Cosine (continued) 
squared pulse 
table of 

Cosmic noise 

Cotangent 

Countermeasures 

Counter, particle 

Counting circuit 

Countries 
call letters 
power supplies 

Coupled, Coupling 


circuits 

coefficient of 141, 
optimum 

to cavity 

to waveguide 621, 


transistors 
Covariance matrix 
Coverage data, broadcast 
Cramer's rule 
Critical 
coupling 
damping 
frequency 
Cross 
polarization 
product 
ratio 
section 
section paper, profile 
Crosstalk 
pulse modulation 
units 
Crystal counter 
Cumulative 
distribution function 
normal distribution function 
probability function 
Curie 
temperature 
Curl 
Current 
amplification, transistor 
antenna 
capacity, printed circuit 
division, array 
gain, transistor 
in matrixes 
ratio, decibels 
unit of 
voltage dual 
wire melting 
Curvature of curve 
Cutoff 
frequency 
transistor 
rate of 
waveguide 
wavelength 
| Cyclic accelerator 


Cyclotron 896 
Cylinder, Cylindrical 
capacitor 134 
cavity 635 
coordinates 1088 
helix 682 
volume 1034 
D 
Damped, Damping 943 
critical 356 
oscillation 356 
Danger, radiation 913 
Dark spot 732 
Daylight saving time 953 
Decametric waves 8 
Decay time 524 
Decibel 40 
Decimal symbol 881 
Decimetric, Decimillimetric waves 8 
Decoding 964 
Dee 896 
Definite integral 1079 
Deflection, electron beam 403 
Degree 
freedom 992 
functions of 1100 
longitude 924 
modulation 529 
Del 1086 
Delay line 813 
spiral 600 
Deltamax 276, 326 
Delta-Y transformation 142 
Demodulation Dol 
Density function 1116 
Depletion layer 478, 497 
Deposited-carbon resistor 82 
Depth, skin 128 
Derating, rectifier 310 
Derivative 1004 
Deschamp’s method 649 
Detector, particle 905 
Determinant 1092 
Deuteron 890 
Deviation 983 
from mean 1116 
Diagram, electrical 947 
Dichromate treatment 927) 
Dielectric 62, 302, 304 
constant : 62 
free space 35 
ground 714 
loss 606 
strength 63, 89 
Die stamping 109 
Difference limen 872 
Differential 
amplifier 447 
calculus 1062 


Differential (continued) 


Divergence 


discriminator 911 
equation 460 
Differentiation 
capacitive 460 
circuits 458, 460 
Digit 879 
random 1114 
Digital computers 879 
Digram 965 
Dimensions 29 
Diode 
double-base 490 
semiconductor 481 
Dipole 
elementary 662 
half wave 676 
Dip-soldering 111 
Dirac function 1003, 1081 
Direct 
capacitance measurement 267 
current supply 929 
feedback system 344 
Directivity, antenna 689 
Direct, reflected rays 745 
Discharge 
capacitor psy 
RLC circuit 154 
Disclosure, invention 954 
Discone 681 
Discontinuity, waveguide 647 
Discrete variate 981 
Dispersion 975 
Displacement 
current 36, 1025 
motion 942 
Display, radar 805 
Dissector, image 410 
Dissipation 
factor 63 
loss 579, 58} 
Distant field, antenna 664 
Distortion 53), 877 
amplifier 459 
factor 459 
harmonic 289, 455 
Distributed capacitance measurement 268 
Distribution 1116 
binomial 986 
chi-square 992 
exponential 987 
function, cumulative 982 
Gaussian 989 
law 1086 
multivariate normal 990 
normal 989 
Poisson 986 
Raleigh 991 
Disturbed sun noise 764 
Diurnal variation 718 
Divergence 1088 


Diversity reception 


Diversity reception 746 
D layer 718 
Domestic public frequency bands is 
Donor impurity 478 
Doping, semiconductor 478 
Doppler radar 811 
Dosimeter 914 
Dot product 1085 
Double-base diode 490 
Double-polarity pam 547 
Double-shielded transformer 263 
Double-tuned circuit 241, 520 
Drawing symbols 947 
Drift space 383 
Drill 
clearance and tap 58 
gauge table 59 
Driven blocking oscillator 475 
Driver transformer 7p fap, ERE 
Duality 509 
Dummy antenna 767 
Duty ratio, radar 383, 800 
Dynamic 
accuracy 361 
resistance 136 
E 
E and M leads 833 
Ear sensitivity 87] 
‘Earth profile paper 743 
Ebers and Moll circuit 523 
Eccentric line 593 
Echo, radar 800 
Effective area, antenna 702, 750 
Effective 
bandwidth, noise 769 
earth radius 710 
height 671 
nelix 684 
horizon 742 
value 
alternating current 150 
modulated wave 529 
Efficiency 
line 564 
magnetron 389 
power supply 273 
transformer 280 
transistor D3 
transmission line 566 
Eigenvalue 659, 1093 
Elastance 36 
E layer 719 
Electric, Electrical 
analog 858 
charge 36 
diagrams 947 
dipole 662 
moment 36 


Electric, Electrical (continued) 


field 
deflection 403 
intensity 36 
flux density 1026 
induction flux 1025 
interference 765 
length 648 
motor 932 
potential 36 
supply 929 
wave filter 187 
Electroacoustics 850 
Electrode 
cooling 369 
dissipation 369 
Electrolytic capacitors 101 
Electromagnetic 
deflection 403 
field 644 
horn 698 
Electromagnetism 
laws 1025 
units 36 
wave 7 
Electromotive force 42 
Electron, Electronic 
efficiency, microwave tube 383 
emission, secondary 407 
inertia effect 380 
particle 888 
charge 34 
synchrotron 899 
tubes 367 
analogy 509 
circuits 432 
nomenclature 374i 
plate efficiency 432 
volt 34, 891 
Electroplating 926 
Electrostatic 
deflection 403 
generator 895 
units 36 
Elementary dipole 662 
Element, atomic 4] 
electromotive series 42 
work function 43 
Ellipse 1059 
area 1033 
Ellipsoid 1062 
volume 1036 
Elliptic, Elliptical 
angle 655, 666, 1051 
function shape 205 
polarization 666 
Emergency cable 824 
Emitter, Emission 
electron tube 367 
secondary 407 
radio signal 19 


Emitter, Emission (continued) 
resistance 
thermal 
transistor 
Emulsion, nuclear 
Enamel 
Encoding 
binary 
methods 
End-fire helix 
End shield, End space 
Energy 
atomic 
capacitor 
dissipation 
gap, semiconductor 
inductor 
storage 
‘unit of 
Engineer’s notebook 
Engine vibration 
ENSI 
Entropy 
Envelope 
delay 
detector 
E plane, antenna 
Epoxy 
e, properties 
Equalizer 
resistor 
Equal loudness contour 
Equations, mathematical 
Equivalent 
noise resistance 
noise sideband input 
resonant circuit 
Equivocation 
ERP ERE SC 
Ergodic 
Error 
coefficient 
formulas, attenuator 
measuring system 
signal 
statistical 
Etched circuit 
E wave 
Excess scatter loss 
Excess-3 code 
Excitation loss, transformer 
Expandor 
Expansion theorem, Heaviside 
Expected value 
Experiment, random 
Exponential 
distribution 
function 
_ integral 
pulse 
External Q 


486, 


478, 


494 
369 
493 
905 
303 
964 
970 
539 
687 
383 


891 
S52 
859 
478 
152 
860 

36 
956 
944 
767 
965 


799 
531 
665 
109 
1040 
147 
105 
877 
1031 


374 
767 
121 
975 
989 
999 


361 
254 
363 
346 
989 
109 
617 
ToT 
881 
280 
838 
161 
984 
981 
res 
987 
153 
1074 
1015 
383 


Flat-topped double-polarity pam 


Extremely high frequency 8 
Eye response 401 
F 
Facsimile 19, 23, 959 
interference 771 
Factorial 1038 
Fading 747, 755 
margin 749 
nonsimultaneous 756 
Fahrenheit-centigrade 33 
Faraday’s constant 34 
Far field, antenna 664 
Fasteners 57 
Fastest single mile 924, 939 
Federal Communications Commission 778 
Feedback 335, 452 
amplifier 452 
compensation 358 
control systems 344 
oscillator 515 
Felici mutual-inductance balance 267 
Ferrites 72 
Ferromagnetic material (see Core : 
material) 
Fictitious earth 745 
Field 
intensity TAO wee 
antenna 662, 663 
contour Ta 
requirements TID 
waveguide 617, 625 
Film-badge service oS 
Film-type resistor 81 
Filter 
image-parameter design 164 
lattice Zt 
uC 149 
modern network theory 187 
noise weighting 839 
power supply 305 
capacitor input 317 
inductor input 316 
reactor 272, 282 
resistor input 317 
quartz crystal 231 
RC 147 
RL 149 
section 147 
simple bandpass design 236 
wave 187, 285 
Finish, protective 109, 926 
Fission 891 
Five-wire line 591 
Fixed 
ceramic capacitor 83 
compositioz resistor ‘79 
F layer 719 
Flat line 566 
Flat-topped double-polarity pam 547 


Flicker effect 


Flicker effect 
Fluorescent, Fluorescence 
cathode-ray tube 
lamps 
Flux 
density 
unit of 
f number 
Focusing, magnetic 
Foot-candle 
Force, unit of 
Forced-air cooling 
Forecast of propagation 
Form factor 
Formulas, mathematical 
Formvar 
Forward drop, rectifier 
Foundation, tower 
Fourier waveform analysis 
Four-terminal network 
input admittance 
input impedance 


324, 


. Four-wire termination 


Fractional 
midfrequency 
sine wave 
Fractions, inch, millimeter 
FRAME code 
Free 
electron density 
running multivibrator 
space 
attenuation 
path 
properties of 
range, radar 
Frequency | 
allocations 
carrier systems 
bands 
critical 
data 
deviation ratio 
divider, counter 
intermediate, amplifier 
lettered bands 
lowest useful high 
maximum usable 
modulation 
broadcasting 
frequency bands 
interference 
optimum working 
power supply 
propagation 
pulling 
response, television 
selective network (see Filters) 
shift telegraphy 
spectrum 
_ standard 


17, 
465, 


19,823; 
778, 


375 
905 
405 
427 


1026 


Frequency (continued) 
tolerance 
vibration 
wavelength conversion 
Freon 12 
Fresnel zone 
clearance 
Frying noise 
Full 
section, filter 
wave amplifier 
wave rectifier 
Functions 
hyperbolic 
mathematical 
Fundamental(s) 
networks 
particle 
Fungicidal coating 
Fusing 
current of wire 
motor 
Fusion 
FIA weighting network 


G 
Gain 
antenna 
margin 
RC amplifier 
reduction, feedback 
resonant circuit 
traveling-wave tube 
Galactic plane noise 
Galvanic series 
Galvanizing 


Gamma 
function 
ray 

Gas 
constant 
ionization 
pressure 
sound in 
tubes 


cold cathode 
hot cathode 
microwave 
noise generator 
oscillator 
particle detector 
rectifier 
Gate, transistor 
Gauge 
drill 
sheet metal 
wire 
Gauss, Gaussian 
distribution 
noise 
process 


676, 702, 753, 


42, 


1039, 


50, 278, 


803 
348 
450 
453 
236 
399 
764 
926 
926 


1081 
888 


34 
424 
425 
853 


425 
426 
428 
427 
476 
906 
314 
489 


59 
60 
932 


989 
99? 
998 


Gauss, Gaussian (continued) 


pulse 1015 
theorem 1087 
unit 36 
GCT 953 
Geiger-Muller counter 906 
General circuit parameters 143, 522, 555 
Generator, resistive 188 
Geodesic 1050 
Geographic projection 668 
Geometry, Geometric 
analytic 1055, 1061 
midfrequency 189 
progression 1037 
Germanium 480, 485 
rectifier 308 
Glass mat, impregnated 107 
G line (surface wave) 604 
GMV 76 
Gold plate 109 
Government frequency bands 12 
Grade, television service 790 
Gradient 1088 
voltage 595 
Graphical 
design, amplifier 435 
symbols 947 
Great circle 
calculation Z32 
chart 726; 139 
distance 724 
Greek alphabet 39 
Green’s theorem 1087 
Greenwich Mean Time 25.953 
Grid 
controlled rectifier 314 
current 432 
drive power 433 
temperature 370 
voltage 432 
Ground, Grounded 
cathode amplifier 432, 446 
conductivity 714 
dielectric constant 714 
effect, antenna 696 
grid amplifier 444 
plate amplifier 444, 445, 448 
462, 465 
system, antenna 675 
wave 714 
field intensity 779 
Group velocity 621 
Grown-junction npn triode 487 
Guaranteed minimum value 76 
Gudermannian 1049 
Guide wavelength 624 
Gust factor 939 


H 


H 
attenuator 


255, 258 


H (continued) 
pad 
plane, antenna 
waves 
Half 
life 
wave 
amplifier 
dipole 
rectifier 
Halowax impregnant 
Hanna curve 
Hard-drawn copper wire 
Harmonic 
content 
distortion 
interference by 
motion 
Hartley 
Hartree voltage 
Haversine 
Hay bridge 
Health physics 
Heat 
dissipation 
Heaviside 
expansion theorem 
function 
Hectometric waves 
Helical 
antenna 
line 
resonator 
traveling-wave tube 
Hermitian 
matrix 
product 
Hertz vector 
High 
frequency 
compensation 
propagation 
transformer 
triode 
K capacitor 
pass filter 
Perm 
Q resonator 


side capacitance coupling 


standing-wave ratio 

voltage insulation 
Higher mode 
Highest temperature 
Hill bandwidth 
Hipernik 
Hole 

semiconductor 

sizes, printed circuit 
Hook-collector transistor 
Hops 
Horizon 


Horizon 


617, 


676, 


289, 
18, 


168, 192,. 


276, 


262 
665 
626 


893 


327 
691 
305 
94 
282 
bo 


459 
455 
7 
940 
965 
390 
1042 
266 
917 
888 
369 


Horizontal 


Horizontal 
polarization 
scanning frequency 
vee 

Horn antenna 

Horsepower 

Hot 
dipping 
solder coating 

Hum 

Human voice, spectrum 

Humidity 
capacitor 
relative 

Hybrid 
coil 
junction 
telephone 

Hydrogen atomic mass 

Hygrometry 

Hymu 

Hyperbola 

Hyperbolic 
amplitude 
cosines 
distance 
equations 
functions 
midpoint 
protractor 
sines 

_ space 
tangents 
triangles 
trigonometry 


Hyperboloid of revolution 


Hyperco, Hypernik 
Hyperon 

Hypersil 

Hysteresis loop 


l 

IBF 

Iconocenter 

Ideal 

' network 
transformer 

Ifumination 
factor 
light 

Image 
antenna 
attenuation constant 
dissector 
impedance 
load 
optical 
orthicon 


690, 698, 751 


925 
276, 284, 326 
1060 


648, 656 
1112 
652, 1050 
253 
1048 
651, 1051 
652 
111 
1050 
1113 
1053 
652, 1050 
1062 
276 
889 
276;°326 
324 


28 
650 


189 
144 


753 
400 


664 
253 
410 
138, 164 
650 
595 
412 


Image (continued) 


parameter design 165 
limitations 187 
phase constant 23 
response 775 
transfer constant 165, 319 
Impedance(s) 116, 164, 187, 
236, 247, 644 
acoustical 852 
admittance matrix 659 
antenna 674 
capacitor 101 
characteristic 588 
connected directly 140 
formulas 120, 124 
image 138 
lines 608 
matching 290, 449, 512 
measurement 263 
parallel 136 
slot —688 
space Gis} 
terminating 188 
transfer 137 
transformation 566 
Impregnant, paper capacitor 94 
Improvement 
factor §43 
threshold 307 
Impulse 
noise 537 
response 1000 
unit 159 
Inch-millimeter 38 
Incremental permeability 292 
Independent variable 985 
Index 
modulation §42 
refraction 741 
Indicator, radar 805 
Induced 
noise 375 
voltage 336 
Inductor, Inductive 116, 271, 285, 323 
charge, discharge of 154 
circular ring [33 
coupled elements 145, 239 
cylindrical post 632 
decrease, shielding 115 
earth 783 
filter 282 
input filter 316 
line pair 816 
measurement of 268 
reactance of 134 
solenoid 112 
surge 321 
swinging 319 
tuning by 236 
unit of 36 


Industrial frequency bands 12;es 
Information ; 
content 965 
rate 969 
source 969 
theory 964 
units 965 
Input 
admittance, network 138 
capacitance 448 
gap 384 
impedance of 4-terminal net- 
work i37 
transformer ZI 2295 
resistance, transistor 500 
Insertion 
gain 828 
loss 290, 579, 648 
Instantaneous 
frequency, phase cy 
sample 538 
Insulation 
material 62, 302, 920 
resistance 86, 96 
Integral 1004 
calculus 1067 
convolution 985 
discriminator 910 
Integrator circuit 458, 462 
Intelligible crosstalk 833 
Intelligibility 875 
Intensity, sound 852 
Interaction space 384 
Interbase current, transistor 479 
Intercarrier-channel telegraphy 849 
Interchangeability 76 
Interchannel crosstalk 544 
Interference 
patent 956 
rejection 536 
signal 536, 731, 762, 771, 779 
suppression S| 
wave 745 
‘Interlace 793 
Intermediate-frequency 
amplifier 517 
transformer 106, 272 
Internal loss, capacitor 86 
International 
broadcasting 778 
cable code 842 
control frequency bands ike! 
Morse code 842 
nautical mile <2 
Telecommunications Conference 9 
telegraph’ alphabet 2, 847 
Interstage 
resonant 517 
stagger-tuned 228 


Keyboard, teleprinter 


Intrinsic 
barrier transistor 488 
semiconductor 479 
Invention 954 
Inverse 
distance field 713 
feedback 452 
hyperbolic shape 205 
matrix 1092 
transform 1003, 1082 
trigonometric integral 1078 
Inverted vee 679 
Inverter 886 
lonization 
chamber 906 
density 718 
gas tube 424 
radiation 905 
source 897 
spark gap 921 
lonosphere 718 
scatter propagation 739 
lris, resonant 643 
Iron 
core 
reactor 323 
transformers and reactors 271 
wire gauge 50 
Irrational integral 1074 
Irregular plane surface, area 1033 
Isobar 891 
Isoceles-triangle pulse 1013 
Isolation transformer 271 
Isolator, vibration 941 
lsoperm 276 
lsotone 891, 
Isotope 891 
Isotropic radiator 675, 750 
J 
Jet aircraft 945 
JETES 76 
JIY 28 
Johannesburg 28 
Joint 
Electron Tube Engineering Council 76 
military nomenclature 957 
Junction(s) 
diode 482 
hybrid 633 
in cascade 648 
transistor 487, 494, 507 
waveguide 632, 644 
K 
Kel-F 107 
Kelvin (centigrade absolute) 33 
Keyboard, teleprinter 845 


Keying 


Keying 842 
Kilometric waves 8 
Kirchhoff's laws 188 
Klystron 391, 903 
K particle 889 
Kronecker index 1090 
L 
Laboratories, military 961 
Ladder 
attenuator 247 
network 199, 660 
coefficients 215 
Lagrange’s equations 858 
Lambert, Lambert’s law 400 
Land transportation frequency bands 12 
Laplace transform 158, 1081 
Laplacian 1087 
Large-signal transistor 512 
Latitude 732 
Lattice 145 
constant 74 
filter 231 
Law 
cosines 1043, 1045, 1053 
electromagnetism 1025 
patent 954 
probability 981 
sines 1044, 1046, 1053 
tangents 1044 
Layer, ionosphere 718 
Lead-lag network 360 
Lead sulfide, telluride 48] 
Leakage 
conductance, line pair 816 
inductance 271, 299 
Legal information 954 
Length 
transmission line 585 
unit of 36 
Lengthened dipole 691 
Lens 401 
Letter symbols 
eelectron tubes 371 
“frequency 9 
Greek 39 
tLevel 
(power 832 
quantization 544 
‘Life 
capacitor 91 
semiconductor carriers 479 
Light meson 889 
Light wave 888 
flux, intensity 400 
velocity 34, 924 
Limen unit 872 


Limiter 
Line (see also Transmission line) 
cable 
flux 
impedance 
noise 
of sight propagation 
open-wire pairs 
telephone 
Linear 
accelerator 
array 
control system 
factor 
magnetic amplifier 
network 
phase 
polarization 
radiator 
system 
Links, microwave 
Liquid, sound in 
Load 
compensation 
line, amplifier 
resistive 
stabilization 
Loaded Q 
Lobes, radar antenna 
Logarithm, Logarithmic 
base e 
base 2 
base 10 
integral 
natural 
plot 
powers of 2 
trigonometric functions 
102 
London gauge 
Longitude 
degree 
Loop 
antenna 641, 662, 671, 690, 
vertically stacked 
coupling 
feedback 
Loss 
atmospheric 
dissipation 
helix 
insertion 
mismatch 
network 
transducer 
Lossless junction 
Loudness 
Low 
frequency 
antenna 


161, 253, 
201, 


384, 576, 


349, 


579, 


569, 573, 579, 


852, 


541 
549 
824 
621 
586 
839 
740 
816 
816 


902 
690 
346 
350 
335 
1000 
218 
665 
690 
366 
750 
856 


358 
434 
188 
361 
639 
809 


1108 
1110 
1098 
1074 
924 
353 


Low (continued) 

frequency (continued) 
compensation 
propagation 
tube 

impedance 
measurement 
switching tube 

noise amplifier 


pass filter 147, 149, 166, 187, 192, 


Q filter 

Lowest 
required power 
temperature 
useful high frequency 

L particle 

LRRP 

LUHF 

Lumen 

Lumped 
constant network 
discontinuity 
element 


M 


Machine screws 
Maclaurin’s theorem 
MAE 

Magic T 

Magnesil 
Magnesium 


Magnet, Magnetism, Magnetic 36, 72, 


amplifier 
bias 
linearity 
rectifier 
charge 
dipole antenna 
dipole moment 
field 
deflection 
focusing 
intensity 
vector 
flux density 
gap 
moment 
potential, unit of 
saturation 
wire 
Magnetostriction 
Magnetron 
Majority carrier 
Man-made noise 


Manufacturing printed circuits 


Maps 

Marine finish 

Maritime frequency bands 
Marker pulse 

Markoff process 


404, 


387, 


516 
713 
375 


269 
427 
397 
2t5 
222 


723 
922 
722 
889 
723 
722 
400 


659 
829 
630 


57 
1084 
983 
634 
326 
927 
324 
323 
327 
335 
314 
36 
662 
36 


403 
901 


Meteorological frequency bands 


Mass 
atomic 
defect 
energy equivalence 
number 
unit of 
Matched load 
Matching section 
Materials, properties of 
Mathematical 
expectation 
formulas 
tables 
Matrix(es) 
algebra 
junction 
probability 
scattering 
tabulation 
transistor network 
Maximum 
unambiguous range 
usable frequency 
Maxwell 
bridge 
equations 
derivative form 
integral form 
M-derived filter 
Mean 
absolute deviation 
Measurement 
bridge, impedance 
modulation 
modulation index 
radiation 
scattering matrix 
transistor 
Mechanical resonance 
Median 
Medical frequency bands 
Medium frequency 
propagation 
tube 
Melting point, metal 
Mensuration formulas 
Mercury-pool cathode 
Meson 
Message 
Metal, Metallic 
antenna 
galvanic series 
gauge, sheet 
lens 
oxide film 
physical constants of 
rectifier 
spraying 
Metalized-paper capacitor 


Meteorological frequency bands 


888 
891 
893 
890 

36 
645 
583 

4] 


984 
1031 
1098 


1090 
659 
968 
644 
144 
503 


801 
720 


265 

646, 1025 
1036 
1033 

167, 205 
982, 994 
983 


263 
529 
535 
905 
649 
525 
231 
984, 991 
15 

8 
713 
375 
47 
1031 
426 
890 
964 


687 
42 
61 

703 
82 
45 

308 

109 
97 

14 


Metric system 


Metric system 


multiplier prefixes 38 
units 35 
waves 8 
Mica capacitor 87 
Microcrystalline carbon 82 
Micron 8 
Microphonic 375 
Microstrip 595, 612 
Microwave 
links 742 
tube 382 
Midseries image impedance 164 
Military 
nomenclature O5)7. 
tanks 945 
Miller integrator 458, 462 
Millimeter-inch 38 
Millimetric waves 8 
MIL. specifications 76 
Mineral oil, wax impregnants 94 
Minimum 
loss pad 260 
matching 252 
sampling frequency 539 
Minority carrier 479 
Mirage effect 748 
Miscellaneous data 920 
Mismatch loss 969, 573/579; \S82652 
Mismatched slotted line 654 
MKS. unit S57SO 
Mode 384, 644 
cylinder cavity 638 
number 
klystron 384 
magnetron 384 
statistical 984 
waveguide 620, 646 
Modern network theory 187 
Modification letters, AN 958 
Modified Bessel functions 1067 
Modular constant 205 
Modulation 19, 527, 7820/9 2,,849 
crest 440 
index 532, 536 
percent 529 
transformer 2424295 
Moisture absorption 63 
Molybdenum-permalloy dust 284 
Moment 
magnetic 893 
statistical 983, 990 
Monimax 276 
Monitor, radiation 905 
Monostable 
blocking oscillator 473, 475 
electron-tube circuit 465, 468 
transistor circuit 514 
Monte Carlo method 997 
Moore code 844 
Mo-Permalloy 276 


Morse code 
Motor 

characteristic 

electric 
Mount, equipment 
Moving-target-indicator radar 
MSF 
MTI radar 
MUF 
Multicavity klystron 
Multichannel loading 
Multicollector electron tube 
Multielement array 
Multigrid tube 
Multipath transmission 
Multiple events 


Multiples of 0.4343 and 2.3026 


Multiplex 
Multiplication, matrix 
Multiplier 

phototube 

prefixes 

voltage 
Multivariate 

normal distribution 
Multivibrator 
Mumetal 
Music 
Musical 

instruments, spectrum 

pitch 
Mutual 

conductance 

inductance balance 
Mylar dielectric 
Myriametric waves 


W curve 
n-type semiconductor 
Napier’s analogies 
Narrow-beam antenna 
Nary pulse-code modulation 
National Bureau of Standards 
National Electrical 
Association 

Nations, call letters 
Natural 

frequency 

coil 
vibration 

logarithm 

pdm, ppm 

trigonometric functions 
Nautical mile 
Navigation table 
Navy-Army cables 
NBS gauge 

sheet metal 

wire 


842 


364 
93Z 
939 
813 
28 
813 
Tea 
394 
842 
373 
690 
379 
747 
969 
1113 
544, 966 
1090 


408 

38 
305 
982 
990 
465 
276 
872 


871 
24 


377 

268 

101 
8 


514 
479 
46, 1053 
704 
541] 
724 


Manufacturers 


76 
15. 


269 
943 
924, 1108 


0 


a 


a ee ee 


Near field, antenna 
Negative 
feedback 
impedance repeater 
proton 
resistance 
oscillator 
temperature coefficient 
Negative resistance 
NEMA 
Neper 
Net 
loss 
power flow 
Network (see also Filter) 
admittance 
attenuator 
bandpass 
bridged T 
formula 
fundamentals of 
image-parameter design 
input impedance 
linear 
modern theory 
phase lead, lag 
theorems 
transfer admittance 
transistor 
Neutralization, transistor 
Neutrino 
Neutron 
detection 
recoil detector 
Ngram 
Nicaloi 
Nicalloy 
Nickel plate 
NIF 
NIT 
Noise 
am, fm 
amplifier 
dissector 
electrical 
figure 
Gaussian 
generator 
improvement factor 
impulse 
level 
measurement 
orthicon 
quieting 
radio 
random 
receiver 
reduction 
coefficient 


335, 344, 
490, 509, 
509, 
499, 
375, 768, 
541, 755, 
767, 
719, 


Ohmic contact 


Noise (continued). 
reduction (continued) 


frequency modulation 537 
suppression 537 
thermal 766 
transistor A496 
transmitter 783 
tubes 372 
vidicon 420 
weighting 839 

Noisy, Noiseless channels 973 
Nomenclature, AN 957 
Nominal value, component 77 
Non-Euclidean space 1050 
Nonlinear amplifiers, oscillators 458, 465 
Nonresonant antenna 678 
Nonsimultaneous fading 756 
Nonsinusoidal oscillator 458, 465 
Normal 
distribution 989, 1116 
mode helix 682 
probability density function 1116 
process 998 
Normalized 
admittance 587 
coefficient, coupling pd ibs. 
current, voltage 657 
impedance, admittance 658 
Q 215 
susceptance 630 
Norm, vector 1092 
Notebook, engineer's 956 
Novelty investigation 954 
Nucleon 888 
Nucleus, Nuclear 888 
charge 890 
emulsion 905 
instrumentation 905 
particle 888 
physics 888 
pulse amplifier 910 
radius 892 
reaction 892 
Null 263 
Number 
random 1114 
system 879 
Numerical data 924 
Nupac 959 
Nyquist stability criterion 348 
O 
O attenuator 257 
Oblate spheroid 1061 
Oblique triangle 1043 
Obstacle 
line 655 
waveguide 647 
Ohmic contact 479 


Oinnidirectional antenna 


Omnidirectional antenna 
One-shot multivibrator 
Open 
circuited line 
window unit 
wire 
carrier systems 
line 
Operational calculus 
Optical imaging 
Optimum 
coupling 
current, array 
reverberation time 
working frequency 
Or circuit 
Order, matrix 
Orthicon, image 
Orthogonal 
curvilinear coordinates 
matrix 
vector 
Orthonik 
Orthonol 
Oscillator, Oscillation 
backward wave 
damped 
magnetron 
nonlinear 
relaxation 
transistor 
Output 
gap 
resistance, transistor 
stage 
transformer 
Over-all response 
Over- (beyond) horizon propagation 
ionospheric 
tropospheric 
Overcoupled circuit 
Overload current 
Owen bridge 
OWF 
OW unit 
Oxide emitter 
Oxygen absorption 


Pp 


Pad 
minimum-loss 
PAM 
Paper 
capacitor 
insulated cable 
Parabola 
area 
Parabolic reflector 
gain 
Paraboloid of revolution 
volume 


276, 
356, 437, 


458, 


272, 


239, 


700, 


698, 


682 
468 


560 
867 


834 
816 
158 
401 


141 
694 
863 
722 
886 
1090 
412 


1089 
1092 
1092 
276 
326 
450 


399 


356 
387 
465 
465 
S15 


384 
500 
512 
295 
826 


739 
7ST, 
245 

55 
265 
722 
867 
367 
749 


247 
260 
538 


97 
822 
1057 
1032 
751 
803 
1062 
1036 


Parallel 
circuit 120°1227"3507. 
compensation 358 
impedances 136 
plate capacitor (eke 
resonant interstage 518 
strip line (591 
T bridge 270 
tuned circuit 136 
wires | 588 
Parallelogram area 1031 
Parameters 
general circuit 143, 522, 555 
transistor 525 
Parceval’s theorem 1005 
Parent distribution 994 
Partial fraction 162 
Particle 
accelerator 895 
atomic 888 
detection 905 
Partition noise, electron tube 373 
Pass band 165, 239 
Passivating treatment 927 
Passive 
junction 647 
linear network 253 
reflector 700, 757 
Patent 954 
Path 
attenuation 751 
plotting 742 
PCM 538 
level 541 
PDM, PFM 538 
Peak 
clipping 876 
factor 873 
infinite attenuation 200 
power, radar 801 
to valley ratio 199 
Peaking transformer 273 
Penetration of current Silas 
Percent 
distortion 544 
modulation 529 
Perfluoromethylcyclohexane 922 
Performance chart, magnetron 388 
Periodic 
chart 43 
field focusing 901 
function 1006, 1082 
Permalloy 276, 326 
Permeability 
ferromagnetic 276 
free space 35 
incremental 292 
unit of 36 
Permendur, Permenite, Permenorm 276 
Permeron 326 
Perminvar 276 


Permittivity 
free space 
unit of 
Permutations 
Persistance of phosphor 
Perveance 
Phantastron 
Phase 
angle 
carrier 
excursion 
field 
inverter 
lead, lag network 
margin 
modulation 
response 
linear 
transformer 
shift 241, 361, 
feedback control 
thyration 
splitter 
velocity 
helix 
Phosphate dip 
Phosphor, cathode-ray tube 
Photoconductive cell 
Photodiode, semiconductor 
Photoelectric cell 
Photoemission 
Photographic film 
Photometry units, relations 
Photomultiplier 
Photon 
Photosensitive tube 
Phototransistor 
Physical constants 
atomic 
metals, alloys 
Pi 
attenuator 
mode 
section 
T transformation 
Piston-engine aircraft 
Planck’s constant 
Plane 
analytic geometry 
figures, area 
reflector 
trigonometry 
wave, sound 
Plan-position indicator 
Plastic 
dielectric 
film capacitor 
scintillator 
Plate 
current supply 


120, 124 


19}-332 


452, 457, 459 


396, 596, 621 


479, 482 


146, 164, 247 


Plate (continued) 
efficiency 
resistance 

Plating 
circuit 

PN junction 

PNP triode 

Pocket dosimeter 

Poincaré sphere 

Point-contact transistor 

Poisson distribution 


Polarity of transmission 


Polarization 
antenna 
chart 
ellipse 
helix 
horizontal 
quantity for 
ratio 
vertical 

Pole 


479, 


486, 


662, 


192, 205; 


Polyethylene dielectric, Polystyrene 


Polygon area 
Population 
Port 


Positioning servomechanism 


Positive 
definite matrix 
feedback 
Positive-bias 
multivibrator 
blocking oscillator 
Positron 
Power 
amplifier 
transistor 
factor 
capacitor 
flow 
net 
full modulation 
gain 
antenna 
transistor 
level 
lowest required 
on line 
radiated 
rating 
cables 
film resistor 
lines 
ratio 
rectifier circuit 
semiconductor 
resistor 
spectrum 
supply 
efficiency 


television broadcasting 


1S, 


703, 


81 


999, 1001 
305, 929 


273 
789 


Power 


Power (continued) 


transfer 140, 290 
’ transformer PM PUS 
color code 106 
transistor 487 
transmitter 155 
unit of 36 
Powers of 2 1110 
Poynting vector 644, \029 
P-percent value 984 
PPI 805 
PPM 538 
PPM/°C 84 
Practical units 36 
Precious-metal alloy 82 
Precipitation extremes 923 
Prediction, propagation 724 
Preemphasis 785 
Preferred 
numbers 77 
tubes, Armed Services 429 
values, component 77 
Prefixes 
call sign 15 
metric system 38 
Pressure 
versus altitude 920 
wind 939 
Principle of superposition 133 
Printed circuit 107 
Printing-telegraph code 844 
Probability 966, 981, 1116 
conditional 970 
density function 982 
error. 989 
function 98] 
matrix 968 
transition 970 
Probe coupling 621, 641 
Product demodulator 531 
Profile 
chart 742 
paper 743 
Progression 1037 
Projective 
chart 653 
model, hyperbolic space 1050 
Prolate spheroid 1061 
Propagation of waves 617, 644, 662, 
710, 779 
constant 617, 644 
earth reflection 810 
notices Dif, 
tropospheric scatter Way 
velocity of 8 
Properties of materials 41 
Proportional counter 906 
Protective finish 109, 926 
Proton 888 


synchrotron 90] 


Protractor, hyperbolic 652 
Pseudospherical trigonometry 1050 
Psophometric electromotive force | 840 
P-type semiconductor 479 
Public 
address system 868 
disclosure 956 
domain 954 
safety frequency bands 12 
Publication, patent 956 
Pulling figure 385 
Pulse 385 
amplitude modulation 539 
application of. capacitor 93 
bandwidth 237542 
carrier 539 
circuit 460, 523 
code modulation 540 
decay time 541 
Doppler radar 812 
duration 541 
modulation 540 
form 1012 
frequency modulation 540 
generator 465 
height analyzer 911 
improvement threshold 541 
length 846 
modulation 20, 538 
spectrums 545 
operation 385 
position modulation 540 
radar 800 
regeneration 541 
rise time 542 
subcarrier 543 
time modulation 539 
train 5381542 
analysis 1016 
transformer 272, 300 
Punch-through, transistor 480 
Pushing figure 385 
Push-pull amplifier 298 
magnetic 331 
transformer 297 
transistor 53 
Pyramidic-frustum volume 1035 
Pyramid volume 1035 
Q 
Q 88, 236, 385 
cavity 380, 636 
code 950 
filter 199 
helix 685 
inductance © 285 
line 575 
measurement 268 


Q (continued) 
meter, Boonton 
mode 
normalized 
resonator 
tuned circuit 

Quadratic 
equation 
factor 

Quantization 
distortion 
noise 


Quarter-wave matching section 


Quartile 
Quartz-crystal filter 
Quiet sun noise 
QRK, QRM, QRN 


R 
Radar 
cross section 
fundamentals 
indicators 
Radiac 
Radian 
Radiation 
angle 
cooling 
dosimetry 
effect 
end-fed conductor 
monitor 
pattern 
resistance, helix 
safety, tolerance 
Radiator 
above ground 
isotropic 
parallel to screen 
Radio 
astronomy 


542, 


662, 673, 690, 


Electronics-Television Manufacturers 


Association 

frequency 

amplifier 

cables 

reactor 
horizon distance 
location frequency bands 
navigation frequency bands 
noise and interference 
signal reporting code 
tower 
wave propagation 

Radioactivity, Radioactive 

decay constant 
isotope handling 
material 


76, 


890, 


Rectangular 


Radioactivity, Radioactive (continued) 


nucleus 
Radioisotope 

handling 
Radiotelephony, interference 
Radix 
RAD unit 
RAFISBENQO code 
Railroad train 
Rainfall 
Random 

experiment 

digits 

function 

noise 

numbers 

process 

variable 
Range 

equation, radar 

finding 

sample 
Rankine (fahrenheit absolute) 
Rate 

generator 

of cutoff 
Rating 

conductor 

rectifier 
Rational algebraic integrals 
Rationalized unit 
Rayleigh distribution 
RBE unit 
RC 

amplifier 

circuit 

filter section 
Reactance 

capacitor 

chart 

inductor 
Reactor 

filter 

swinging 

wave filter 
Received power 
Receiver 

noise 

radar 
Receiving area 
Reception, diversity 
Reciprocal 

junction 
Reciprocity 

theorem 
Record, engineer's 
Rectangular 

cavity 

coordinates 

pulse 


981, 


120, 


648 
132, 1030 
956 


636 
1057, 1085 
461, 1012 


Rectangular 


Rectangular (continued) 
waveguide 
wave train 
Rectifier 
aging 
filter 
gaseous 
magnetic amplifier 
metallic 
rating 
semiconductor 
Recursion formula 
Reduction in gain, feedback 
Redundancy 
Reference 
black level 
marks, printed circuit 
noise 
signal level 
Reflected 
binary. code 
wave 
Reflection 
chart 
coefficient 
ionospheric 
lobes, antenna 
zone 
Reflector 
characteristic, klystron 
corner 
passive 
Reflex 
bunching 
klystron 
Refraction, atmospheric 
Regenerative clipper 
Registration 
Regular 
matrix 
polygon area 
Regulator 
Relative 
attenuation 
bandwidth 
biological effectiveness 
frequency 
humidity 
level 
resistance 
Relativistic mass 
Relativity 
Relaxation oscillator 
Relay contact protection 
Reliable tubes, Armed Services 
Reluctance 
REM unit 
Repeater, telephone 
Resistance, Resistor 
AC 
bridge 


305, 


308, 


562, 644, 646, 


700, 


426, 


129, 


618 
463 
327 
308 
316 
314 
314 
308 
308 
48] 
1065 
453 
972 


793 
111 
839 
853 


882 
646 


650 
667 
718 
809 
811 
385 
393 
702 
757 


385 
392 
747 
469 
111 


1092 
1031 
344 


190 
190 
914 
994 
925 
832 

46 
893 
893 
465 
321 
430 

36 
914 
828 


131 
263 


Resistance, Resistor (continued) 

copper 

coupled amplifier 

equivalent noise 

film 

fixed composition 

fixed film 

hybrid 

input filter 

line pair 

per square 

temperature coefficient 

termination 

units of 

wire wound 
Resolution 
Resonance 

bridge 

frequency 

mechanical 
Resonant 

antenna 

cavity 


temperature and humidity effect 


coupling 

frequency 

helix 

iris 

line 
admittance 
coupled 
current 
equivalent lumped circuit 
helical inner conductor 
impedance 
losses 
pair of 
power 
Q 
selectivity 
standing-wave ratio 
voltage 

wavelength 


579, 


578, 


Resonator (see also Resonant lines) 


Response 
cascaded stages 
frequency 
hill 
time 

Retarded potential 

RETMA 
waveguides 

Return loss 

Reverberation time 

RF pulse duration 

RG lines 

Rhodium 

Rhombic antenna 

Ridged waveguide 

Rieke diagram 

Right triangle 


337, 


679, 


45 
450 
374 

82 

79 

81 
831 
317 

816 
128 

45 
188 

36 

81 
964 

116 
265 
236 
231 


678 
635 
639 
= A 
135 
600 
643 
574 
576 
580 
580 
O77 
601 
576 
581 
580 
579 
576 
579 
582 
580 
636 
ahs) 


451 
164 
209 
341 
1028 
76 
629 
832 
863 
385 
608 
109 
690 
626 
389 
1043 


Rigid copper coaxial line 
Ripple 
RISAFMONE code 
Rise time, pulse 
Rising-sun magnetron 
Rms 
deviation 
Roentgen 
equivalent mammal 
equivalent physical unit 
Room 
acoustics 
noise 
Root-locus method 
Root-mean-square value 
Routh’s criterion 
Rugby 
Run-away effect 
Rydberg wave number 
S 
Safety, radiation 
Sag calculation 


282, 


150, 


Sample mean, median, variance 


Sampling frequency 
Saturation 

flux density 

humidity percent 

junction current 

magnetic 

moment 
Sawtooth 

generator 

pulse 
Scalar 

multiplication 

product 

triple product 
Scaling 

circuit 

factor, electron tube 

magnetron 
Scanning sequence 
Scattering 

coefficient 

matrix 

propagation 
Schematic diagrams 
Schering bridge 
Schmitt trigger 
Scientific frequency bands 
Scintillation counter 
Scope, radar 
Scott connection 
Screws, machine 
Seasonal variation 


Secondary electron emission 


Section, filter 
Sector 
circle, area 
sphere, volume 


470, 


1085, 


739, 


612 
318 
950 
542 
387 
982 
983 
913 
914 
913 


863 


476 
1013 


1086 
1092 
1086 


910 
381] 
389 
793 


650 
644 
L557. 


Signal, Signaling 


Segment 
circle, area 1032 
sphere, volume 1034 
Selective circuit, Selectivity 237, 263, 582 
amplifier 459 
equation ALS 
far from resonance 239 
feedback amplifier 459 
network 187 
Selenium 481 
diode 482 
rating 309 
rectifier 308 
Semiconductor 478, 480 
applications 480 
definitions 478 
rectifier 308 
power 311 
Sendust 276 
Sequential selection 964 
Series 
arm impedance 187 
circuit 1205, 1225,:507 
compensation 358 
mathematical 1084 
Fourier 1006 
M-derived filter 166 
repeater 828 
shunt 830 
RLC in 157 
charge, discharge of 154 
tuned circuit 135 
interstage 57 
Servomechanism 344 
Servomotor 365 
Set 
indicator 957 
telephone 826 
Shaping circuit 458, 460, 470 
Sheet-metal gauge 60 
Shielding 115, 132 
transformer 263 
Shifting theorem 1004, 1082 
Ships 944 
Shock isolation 939 
Short 
antenna 662, 691 
circuited line 560 
wave propagation 718 
Shorted turn 115 
Shot effect 372 
Shunt 
M-derived filter 166 
repeater 828 
Sideband energy, angular modula- 
tion 534 
Side-lobe level 694 
Sidetone level 827 
Signal, Signaling 
carrier 830 
channel 542 


Signal, Signaling 


Signal, Signaling (continued) 


information 527 
intensity contour 779 
reporting code 950 
speed 541, 846 
to noise 
improvement factor 543 
ratio 53677543) 25445755 
Silectron 276, 326 
Silicon 480 
carbide 481 
iron 276 
properties of 485 
rectifier 308 
Silicone 303 
resin coating 109 
rubber 107 
Silver plate 927 
Simple am 548 
Simpson’‘s rule 1033 
Sine 1100 
hyperbolic 1111 
law of 1044, 1046, 1053 
wave, rectified 1022 
Singing margin 833 
Single 
hop transmission 721 
layer solenoid 112 
phase rectifier 306 
polarity pam 547 
shot multivibrator 468 
sideband modulation 531 
telephony, interference 773 
tuned circuit 241 
interstage 228, 520 
Sinimax 276 
SINPFEMO, SINPO code 950 
Sinusoidal angular modulation 532 
Six-phase rectifier 307 
Sizes, component 76 
Skin 
depth 128 
effect A228 
Skirt 192 
Sky wave 716 
Slater’s rule 390 
Slot antenna 687 
Slotted 
line 586 
air 594 
section 644 
Slow wave 396 
Small-signal amplifier, transistor 511, 525 
Smith chart $87, 652 
Softening point 63 
Solar 
noise 764 
Zenith angle 737. 
Soldering 47 
dipping 111 
Solenoid, single-layer, inductance 112 


Solid 
analytic geometry 
copper wire 
sound in 
Sonar 
Sound 
absorption coefficient 
in gas 
in liquid 
in solid 
intensity 
velocity 
Source symbols 
Space-charge 
debunching 
layer widening 
Space-diversity reception 
Sparkgap voltage 
Spark suppression 
Special feedback circuit 
Specific 
acoustical impedance 
gravity 
heat 
Spectral response, eye 
Spectrum 
acoustic 
modulation 
signal 
Speech 
bandwidth 
clipping 
intelligibility 
Speed of response 
Sphere, Spherical 
coordinate 
excess 
resonator 
triangle 
trigonometry 
volume 
wave 
Spheroid 
Spin 
Spinel crystal structure 
Spiral 
delay line 
four cable 
Sporadic E 
Spur 
Spurious 
distortion 
response 
Squaremu 
Square, resistance per 
Squaring circuit 
Stability, Stabilization 
criterion, transistor 
load 
method 
Stable nucleus 


1061 
50 
857 
959 
850 
867 
853 
856 
857 
853 
854, 924 
965 


385 
497 
746 
921 
32) 
457 


852 
45 
75 

401 


871 
527 
1012 
872 
830 
876 
875 
341 


1088 

1047 

636 

668 

732, 1045 
1034 

851, 853 
1061 

893 

a2 


600 
824 
719 
1093 


539 
774 
326 
128 
470 
346 
500 
“I36T 
358 
892 


Stack, selenium rectifier 309 
Stacked loops 704 
Stage gain 450 
Stagger tuning 228 
Stainless steel 927 
Stalo 812 
Standard 
broadcasting 778 
cables 608 
deviation 983 
frequencies 24 
stations 
non USA 28 
USA 24 
preemphasis curve 786 
pressure, temperature 920 
time 953 
volume 34 
waveguides 628 
Standards 76 
Standing-wave 644 
ratio 562, 645, 682 
sound 864 
Static 
accuracy 361 
error coefficient 362 
friction 366 
interference, noise 764 
Stationary process 998 
Station, broadcast 778 
Statistics, Statistical 981 
independence 968 
Steel tower 936 
Stefan-Boltzmann constant 34 
Step, unit 160 
Stirling’s formula 1038 
Stochastic process 981, 998 
Stop band 165 
Storage time 524 
Straight vertical antenna 671 
Stranded copper wire 56 
Strapped magnetron 386 
Strip transmission line 598 
Strong-focusing synchrotron 901 
Stub, impedance matching 584 
Stubs gauge 
sheet metal 61 
wire 50 
Styroflex cable 612 
Subcarrier pulses 538 
Subclutter visibility 814 
Subscriber’s set 826 
Substitution, high impedance 266 
Sulfur hexafluoride 922 
Sunspot 
cycle 716 
maximum 718 
Superheterodyne spurious responses 774 
Super-high frequency 8 
Supermalloy 276, 326 


Taylor's theorem 


Superposition 


principal of 133 
theorem 1030 
Support, tower 936 
Suppressed-carrier modulation 531 
Surface 
area 1034 
density 36 
protection 926 
wave 714 
line 604 
Surge suppression 156, 321 
Susceptance 630 
Sweep generator 470, 476 
Swinging reactor 285, 319 
Switch, Switching 524 
circuit 885 
contact protection 321 
tube, gas 427 
Syllabic compandor _ 838 
Syllable articulation 875 
Symbol 964 
ensemble 965 
graphical 947 
information theory 964 
letter , 39 
number 879 
Symmetrical 
band-pass filter 192 
band-reject filter 192 
clipper 447 
inductive diaphragm 631 
multivibrator 466, 471 
pi, O attenuator 252,257 
T, H attenuator 252, 255 
Symmetry 1005 
complementary Ss 
Synchrocyclotron 898 
Synchronized, Synchronizing 
blocking oscillator 476 
pulse 543 
Synchrotron 899 
Synchro transmitter 364 
Synthesis, filter 187 
T 
Tables 
mathematical 1098 


wire, see Wire tables 


Tachometer 361, 363, 366 
Tangent 1100 
law 1044 
hyperbolic 1113 
Tangential distance 741 
Tantalum electrolytic capacitor 101 
Tap 
drill 58 
screws 58 
Target, radar 803 
Taylor’s theorem 1084 


Teflon dielectric 


Teflon dielectric 


101, 107, 303 


Telegraph 
Alphabet 2 847 
bandwidth 22 
carrier 849 
emission 19 
facilities 842 
interference 77) 
speed 846 
Telemetering 959 
Telephone 
emission 19 
line data 816 
set 826 
Teleprinter code 844 
Teletype 7-unit code 844 
Television 
bandwidth 22 
broadcasting 778, 787 
channels 787 
color 787 
frequency bands 13 
spectrum 792 
camera tube 410 
emission 19 
pickup frequency bands 13 
TE mode 6177/7622 
Temperature 
coefficient 
capacitance 97 
resistance 45, 51, 80 
semiconductor 483 
tolerance 85 
compensation 
capacitor 83 
transistor 22 
conversion 33 
emitter 368 
extremes 922 
gradient 747 
scale 47 
standard 920 
transformer 302 
world 923 
Template, profile chart 744 
Tensile strength of wire 52 
Tension, line 935 
Terminal pair 646 
Terminating 
impedance 188 
set 831 
Ternary pulse-code modulation 541 
Testing, component 76 
Tetrode transistor 488 
T, H attenuator 255, 258, 262 
Theorem, network 132 
Thermal 
conductivity 45, 75 
emissivity 369 
expansion 45, 63 


Thermal (continued) 
noise 
shock, capacitor 
Thermionic emission 
Thermistor 
Thermocouple 
Thévenin’s theorem 
Thoriated-tungsten emitter 
Thread, screw 
Three-phase 
magnetic amplifier 
rectifier 
Threshold, painful sound 
Thyratron 
Tilt angle, antenna 
Time 
chart 
constant 
division multiplex 
gate 
intervals 
signal 
unit of 
Tin plate 
Tissue damage 
TM mode 
Tokyo 
Tolerance 
component 
frequency 
Toll-cable constants 
Torino 
Toroidal core 
Torque 
Torus volume 
Tower, radio 
Trace 
Track recorder 
Train, vibration 
Trancor 
Transcendental functions 
Transconductance 
Transducer loss 
Transfer 
admittance 
constant 
function 
impedance 
Transform 
Fourier 
Laplace 
Transformation 
matrix 
rectangular coordinates 
T to pi 
Transformer 
audio frequency 
intermediate-frequency 
rectifier 
shielded 
Transhybrid loss 


480, 483 


151, 460 


617, 622 


821, 824 
28 

324, 336 
933 

1035 

936 

1093 

905 

945 

276 

1063 

376 

569 


138 
165 
348, 1000 
137 


1002 
158 


648, 660 
1057 

142 

27a 

286 

106 

273 

263 

832 


Transient 151 
response 462 
suppression 45677321 

Transistor 478, 480, 486 
biasing 497, 511 
characteristics 507 
circuit 499 
definition 478 
direct-current gain 523 
magnetic amplifier 333 

Transit angle 385 

Transitional probability 970 

Transition in line 655 

Transit time 380 

Translation 1004 

Transmission line 549, 644 
admittance 558 

transformation 566 
attenuation 570, 574, 612 
cables 612 

military 608 
characteristic impedance 588 
current 555 
delay 600 
efficiency 564 
G-line (surface-wave) 604 
impedance 558 

matching 583, 584 

transformation 566 
length 585 
matching section 583 
microstrip 595 
mismatch loss 569 
open-circuited 560 
parameters, general circuit 555 
power 564 

dissipation 566 

rating 612, 616 
quarter-wave 574 

matching section 583 
radio-frequency cables 608 
reflection coefficient 562 
resistance of 574 
resonant (see also Resonant lines) 574 
RETMA cables 612 
RG-cables 612 
rigid 612 
sag 933 
short-circuited 560 
sign conventions 549 
slotted 586 
Smith chart 587 
spiral delay 600 
standard cables 608 
standing-wave 

loss factor 573 

ratio 562, 570 
strip line 598 
stub 584 
Styroflex 612 
subscripts 549 


T Section 


Transmission line (continued) 


surface-wave 604 
surge impedance 588 
symbols 550 
transducer loss 569 
vector diagram 557 
voltage 555 
gradient 595 
reflection coefficient 562, 570 
Transmission of signals 
coefficient, junction 646 
formulas, links 750 
signal/noise ratio 536, 544, 755 
speed 849 
Transmit-receive switch 427, 643 
Transmitter 
brightness response, television 792 
broadcast 778 
frequency tolerance 17 
radar 800 
Transpose of matrix 1091 
Transverse electromagnetic wave 617 
Trapezium area 1033 
Trapezoidal 
area 1031, 1033 
pattern 529 
pulse 460 
wave 1020 
Traveling wave 644 
tube 395 
Triangle, Triangular 
area 1031 
current distribution 684 
hyperbolic 1052 
pulse 462 
wave 464 
Trigger 
circuit 465, 513 
Schmitt 468 
Triggering, magnetic amplifier 342 
Trigonometry, Trigonometric 1037 
functions 
degree 1100 
logs 1104 
identities 1040 
integrals 1075 
hyperbolic 1050 
plane 1043 
spherical 732, 1045 
Triode transistor 499 
Tropical 
finish 926 
zone 9 
Troposphere 741 
scatter propagation 757 
TR tube 427, 643 
Truck vibration 945 
True inductance, measurement 268 


T section 145, 164, 247 


Tube 


Tube (see also Electron tube) 


circuit 432 
electron 367 
Tubular conductor 131 
Tuned circuit 116, 164, 236 
coupled 580 
current 580, 582 
equivalent to resonant line S77 
interstage 521 
loss O79 58 pb S2 
pair of 580 
power D/ 978582 
standing-wave ratio 579 
staggered 228 
Turboprop aircraft vibration 945 
Turn-on time 524 
Turnstile 691 
Twin-T circuit 270 
Two-hop transmission 719 
Two-port junction 647 
Two-wire 
line . 589 
termination 831 
Type 
designation 
capacitor 83 
component 78 
number 957 
Type-O, Type-I system 346 
U 
Ultra-high frequency 8 
propagation 741 
Unbalanced 
pi, T attenuator 252 
Uncertainty 965 
Undesired responses 774 
Uniform 
pdm 547 
’ ppm 546 
time 25 
Unit(s) 29, 914, 924 
circle 1050 
cisoid 1083 
conversion table 36 
impulse 159, FOO3)*1081 
matrix 1090 
step 160, 1081 
vector 1086 
Unitary matrix 1092 
United States standard gauge 61 
Universal time 953 
Unloaded Q 222, 360,007 5 
Unstable nucleus 892 
Unsymmetrical multivibrator 472 
UT 953 
V 
Vacuum tube (see also Electron tube) 367 


circuit 


432 


Valence band 480 
Valley attenuation 192 
Van. de Graaff generator 895 
Vanishing carrier 535 
Variable, random 981 
Variance 983, 994 
Variate 981 
Varistor 480, 482 
Vector 
analysis formula 1085 
column 1090 
Hertz 1029 
modulation 527 
multiplication 1086 
Poynting 1029 
product 1086 
row 1090 
triple product 1086 
Vee antenna 679, 690 
Vehicles, vibration 944 
Velocity 
acceleration 942 
error constant 362 
light 34, 924 
modulation 385, 391 
phase, helix 683 
phasor 850 
sound 854, 924 
wind 924, 939 
Versine 1042 
Vertical 
antenna 664, 670, 671, 713 
polarization 665 
radiation angle 679 
scanning frequency 793 
Vertically stacked loops 704 
Very-high frequency 8 
Very-long wave 710 
Very-low frequency 8 
propagation 710 
Vestigial-sideband modulation 53 
Vibration 939 
Vibrator power supply 271 
Video-frequency 
amplifier 413, 516 
transmitter 797 
Vidicon 418 
Vinyl acetal 303 
Virtual height, ionosphere 723 
Visibility factor, indicator 805 
Visual transmitter 797 
Voice-frequency repeater 829 
Voice, spectrum 871 
Voltage 
amplification, transistor 500 
breakdown 921 
coefficient, resistor 80 
current dual 509 
derating, capacitor 91 
drop 54 
rectifier 309 


Voltage (continued) 


gradient 595 
matrix operation 657 
multiplier 305 
power supply 929 
rating, Component Fad 
ratio 40 
reflection coefficient 562 
regulation 
transformer 280 
tube 427 
sparkgap 921 
Volume 1034 
density 36 
efficiency, capacitor 85 
level 827 
range 838 
resistivity 63 
WwW 
Wagner earth connection 264 
Washington & Moen gauge 61 
Water 
cooling 369 
vapor 925 
absorption 749 
gradient 747 
Wattage rating, resistor 81 
Wave 
equation 850 
filter, see Filter 
interference 745 
polarization 670 
propagation 710 
reactor Z2IZ2 9285 
sound 850, 864 
standing 644 
transformation matrix 648 
traveling 644 
Waveform 
analysis 1002 
generator 458, 460 
paper capacitor 93 
Waveguide 612, 617, 644 
beyond cutoff 628 
cavity 642 
designation 629 
hybrid (magic T) 634 
ridged 626 
theoretical power, attenuation 629 
Wavelength-frequency 7 
Weather data 922 
Wedge frustum volume 1036 
Weight 
atomic 41 


Weight (continued) 


foil, printed circuit 108 
lines 608 
Weighting network, noise 839 
Welding 47 
Wheatstone bridge 263 
Wideband response 448 
Wien 
bridge 264 
constant 34 
Winding transformers 298 
Wind velocities, pressures 924, 939 
Wire, Wiring 
diagrams 947 
fusing current iSye" 
gauge, see Wire table 
insulating material 303 
motor 932 
table 307.54, 114, 278,,.932 
transmission 816 
voltage drop 54 
wound resistor 80 
Work 
function 43 
unit of 36 
Working-voltage rating 77 
World, power .supplies 929 
WWV and WWVH 24 
X 
x-hyperbola 1060 
x-parabola 1057 
X-ray 888 
density 74 
Y 
Y-delta transformation 142 
y-hyperbola 1060 
Young’s modulus 75 
y-parabola 1058 
Z 
Zero 208, 355 
displacement, velocity error 346 
Zinc plate 927 
Zone, skip 719 
ZUO 28 
Numerical 
4-79 Mo 326 
144 weighting network 839 
302-type telephone 826 
500-type telephone 826 
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150,000 corte sor 


More than 150,000 copies of the first three edi- 
tions of Reference Data for Radio Engineers have 
been distributed, with the sale of the third edition 
far surpassing that of its two predecessors. This 
fact is indicative of the increasingly widespread 


acceptance of the book. 


Its usefulness has not been restricted to the prac- 
ticing radio and electronic engineer for whom it 
was originally prepared — instead, it has also 
reached into the realm of the engineer-in-training. 
Reference Data for Radio Engineers has been 
accepted for classroom use in over 200 of the 
leading colleges in the United States. Students 
are encouraged to develop early in their engi- 
neering careers the habit of saving time through 


the use of this handy compilation of reference data. 


REFERENCE DATA 
for RADIO ENGINEERS 


TH 
EDITION 


Modern Network Filter Design 


Semiconductors and Transistors 
Transistor Circuits 

Probability and Statistics 
Magnetic Amplifiers 


Feedback Control Systems 
Metallic Rectifiers 
Scattering Matrixes in Waveguides 


Helical Antennas 
Forward-Scatter Propagation 
Television Pickup Tubes 
Digital Computors 

Patent Practices 


Information Theory 


Nuclear Physics 


